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Abstract 
The development and use of engineered nanoparticles (NPs) has continuously expanded 
over the last two decades. Despite clear beneficial aspects of NPs, their extensive use and 
hardly regulated dissemination has raised concern regarding their potential adverse effects. 
Reports on the environmental release of NPs in wastes, waters, and wastewaters have 
emerged as well as ecotoxicity related information to a diverse range of model 
microorganisms (e.g. crustaceans, worms, algae, bacteria). However, in spite of growing 
knowledge in nanoecotoxicology there is limited evidence to draw conclusive statements 
about the toxicity and fate of NPs, especially in real matrices, in part due to a lack of 
appropriate methodologies. In this context, this work aimed to investigate the ecotoxicity of 
widely used and potentially antimicrobial inorganic NPs (Ag, ZnO, CuO, TiO2) to 
environmentally relevant bacteria (Pseudomonas putida) in various matrices 
(microbiological growth medium, artificial wastewater, real crude and final wastewaters). 
Complementary planktonic (i.e. using a luminescent switch-off bioreporter in a microtitre 
plate format) and biofilm (i.e. using mono and multi-species structures in flow-cell 
reactors) based assays were used. In addition, the implementation of microcantilever (µCT) 
and surface plasmon resonance imaging (SPRi) biosensor technologies were piloted. 
Toxicity of NPs was discussed across approaches (when applicable) in light of their 
physico-chemical characterisation (using dynamic light scattering, atomic absorption 
spectroscopy, and ultraviolet-visible spectrophotometry) in used matrices of exposure. 
This work provides both practical and fundamental insights about water/wastewater related 
ecotoxicology of NPs using bacteria. Overall outputs highlighted the suitability of original 
methods for testing of NPs in or with complex (i.e. real) materials and emphasised further 
the possible limited impact of NPs below the mg L
-1
 level to bacteria (as planktonic or 
biofilms) in the environment, especially with ageing of NPs (as reported with the Ag NPs), 
or considering the potential of recovery of bacterial structures (as shown with the biofilms). 
In addition, the workability of SPRi for testing of NPs was reported for the first time with 
bacteria, offering new opportunities of further real-time and high throughput biosensor 
based applications in nanoecotoxicology.  
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CHAPTER 1: Introduction and Aims 
This chapter presents the relevant scientific milestones supporting the performed and herein 
reported research. Firstly, general information on “Nanomaterials and nanoparticles” will 
be presented. Secondly, “Nanoecotoxicology” will be introduced. Information on 
“Bacteria” followed by a comprehensive literature review focussing on the use of “Bacteria 
as model microorganisms in nanoecotoxicology” will then be proposed. In light of this, the 
“Aims” of the research project will finally be formulated. 
1.1 Introduction 
1.1.1 Nanomaterials and nanoparticles 
1.1.1.1 Definition 
Nanomaterials (NMs) are defined by the European Commission as “materials containing 
particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 
% or more of the particles in the number size distribution, one or more external dimensions 
is in the size range 1 - 100 nm” [1]. In the absence of specific definition for the following, 
this indistinctively encompasses as well nanotubes, nanorods and nanoparticles. 
Nanoparticles (NPs) are therefore commonly reported as materials with a least one external 
dimension in the nanoscale (i.e. 1 - 100 nm) in the literature [2]. However, NPs are also 
reported as materials exhibiting at least two or all three external dimensions in the 
nanoscale by different standards dedicated organisms such as the American Society for 
Testing and Materials (ASTM) International and the British Standards Institution (BSI), 
respectively. In the absence of a consensus regarding the terminology of NPs [3], the latter 
and less conservative definition from the BSI [4] will be preferred herein, as previously 
proposed [5]. 
As shown in Fig. 1.1, on a sole size basis the NMs/NPs could be artificially positioned on a 
scale alongside deoxyribonucleic acid (DNA) and proteins (e.g. antibodies). Overall NPs 
are therefore more equivalent (i.e. in size terms) to the fundamental biological molecules, 
such as DNA and proteins, than to the cells themselves. 
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Fig. 1.1: Relative position of NMs on a size based scale diagram. Adapted from Klaine et al. (2008) 
[2]. 
 
1.1.1.2 Origin and classification 
NMs occur naturally (e.g. volcanic eruptions, forest fires, soil erosion or ocean sprays) and 
artificially (e.g. as primary products of intentional anthropogenic syntheses and uses or as 
by-products of industrial processes, mining and combustion engines) in the environment [1, 
2, 5, 6]. 
NMs are classified as: 1) organic, including carbon nanotubes (single and multi-walled) and 
related materials (e.g. fullerenes), or 2) inorganic, including metal and metal oxide NPs 
(e.g. silver (Ag), titanium dioxide (TiO2), zinc oxide (ZnO) and copper oxide (CuO)), 
quantum dots (e.g. cadmium selenide (CdSe) and cadmium telluride (CdTe)), zero-valent 
metals (e.g. zero valent iron (nZVI)) and polymers (e.g. dendrimers). 
The past few decades witnessed the major expansion of the nanotechnology domain (i.e. 
which encompasses the understanding and development of the fundamental and applied 
physics, chemistry, biology and technology of NMs) leading, notably, to the omnipresence 
of manufactured products containing engineered NMs. As a result, the anthropogenic NMs 
are certainly the most discussed nowadays [2, 3, 5-7]. 
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1.1.1.3 Anthropogenic production 
The manufacture of NMs is commonly performed via bottom-up and top-down based 
approaches which respective principle is schematised in Fig. 1.2. Variant biological based 
methods (referred to as biosynthesis or green synthesis) as well as “safer by design” NPs 
are nonetheless being increasingly reported [8, 9]. Surprisingly, clear figures on the 
quantities of NPs produced are hardly available. Piccinno et al. (2012) [10] reported values 
of 550 - 5500, 55 - 550, and 5.5 - 55 tonnes per year for TiO2, ZnO and Ag NPs, 
respectively (based on a survey sent to producing companies). Sun et al. (2014) [7] 
discussed annual European production data ca. 10000, 1600 and 30 tonnes for same NPs, 
respectively, compiling several reports for the year 2012. 
 
 
Fig. 1.2: Different ways of synthesising NPs. Adapted from Ju-Nam and Lead (2008) [5]. 
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1.1.1.4 Societal implications 
Due to their size, NMs show unique physico-chemical (e.g. electrical, physical, catalytic, 
optical, photoactive) properties compared to their bulk counterparts [5, 6, 11]. This makes 
NMs particularly attractive to develop products or technologies with new or enhanced 
specificities and applications. As of December 01 2015, there were more than 1820 
products listed in the Consumer Products Inventory (CPI). The CPI (non-exhaustive per se) 
is itself being improved in order to support a better referencing of those accumulating 
products containing engineered NMs [12]. 
Inorganic NMs such as metal and metal oxide NPs (e.g. Ag, TiO2, ZnO and CuO) are 
among the most used NMs for applications in a wide range of industries such as cosmetic, 
electronic and sensor, plastic and packaging, textile, paint or water treatment [5-7, 12-16]. 
The development of metal and metal oxide NPs has been supported further because of their 
potential antimicrobial properties [17]. Applications in nanomedicine (i.e. directly as drugs 
or as carriers) represent another major interest of NPs, especially with the recrudescence of 
antibiotic microbial resistance [18, 19].  
Continually expanding, the contribution of nanotechnology to the global economy was 
expected to reach more than $3 trillion by 2015 [20]. Societal implications and benefits of 
NMs to twenty first century living are therefore clear and considered worldwide [21, 22]; 
such are their possible subsequent environmental implications. 
1.1.1.5 Release and toxicological concern 
The life cycle assessment of NPs is intricate [23]. NPs can be released into the environment 
during their production process or while being transferred between sites for example; or 
again while being integrated to products or from the actual use, misuse, recycling or 
disposal of those products containing NPs [24]. Such processes may lead to low rate based 
but continuous (and potentially accumulating) release [25]. The deliberate use of NPs for 
some environmental applications (e.g. water treatment and environmental remediation) is 
inevitably leading to their recurrent release too [2, 5, 6, 26, 27]. Finally, massive incidental 
(or voluntary) releases may also occur therefore leading, conversely, to a temporary but 
high dose exposure to the microbiota.  
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As mentioned previously (§ 1.1.1.4), inorganic NPs such as Ag, ZnO, and TiO2 NPs are 
widely used materials and well known antimicrobial agents for some; their case should be 
therefore prioritised in nanoecotoxicology. Modelled and measured environmental 
concentrations of Ag, ZnO and TiO2 NPs range from 10
-2
 - 10
-3
 µg L
-1
, 10
-2
 µg L
-1
 and 10
0
 - 
10
-1
 µg L
-1
 in surface waters and 10
-1
 - 10
-2
 µg L
-1
, 10
-2
 µg L
-1
 and 10
-1
 µg L
-1
 in effluent 
wastewaters as recently discussed by Gottschalk et al. (2013) [28]. However, those authors 
also mentioned than concentrations of inorganic NPs above the mg L
-1
 level could easily be 
reached in cases of massive releases. 
Sources and types of nanowaste (e.g. pure NMs, contaminated items or equipment, liquid 
suspensions and solids containing NMs) as well as their possible fluxes were recently 
discussed by Marcoux et al. (2013) [29]. Those authors emphasised that NMs were a 
concern in every type of waste and therefore an emerging challenge in waste management 
aggravated by the uncertainty surrounding quantification, production, and release figures. A 
scheme of the possible flow of Ag NPs in the environment was proposed by Gottschalk and 
co-workers (2009) [30], more recently adopted again by Chernousova and Epple (2013) 
[31] and Sun et al. (2014) [7], and here reported in Fig. 1.3.  
It was suggested that wastewater treatments plants (WWTPs) were the central but temporal 
recipients of manufactured NPs while lands, soils and sediments were the terminal sinks. 
This was highlighted further in the recent reports by Westerhoff et al. (2013) [32] and 
Duester et al. (2014) [33]. Additional schemes about ZnO and TiO2 NPs as well as 
nanotubes were also discussed by Sun et al. (2014) [7].  
Consequently, the environmental dissemination of manufactured NPs is evident. 
Concomitant to the continuous development of the nanotechnology sector, the release 
levels are expected to further increase. As an adverse result, the exposure of the 
environment to NPs is increasing, inevitably rising potential ecotoxicological concerns 
[34]. Most studies carried out to date have focused on human health [35, 36], especially on 
respiratory or inflammatory effects; comparatively little work has been done in the 
environmental area [2, 5, 6, 29, 33]. Kahru and Ivask (2013) [37] indicated for example that 
for every 1 000 papers on manufactured NPs about 10 were related to toxicology while 
only 1 was actually dedicated to ecotoxicological testing. Similarly, the need for minimal 
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physico-chemical characterisation of NPs (along with toxicity assessment) in used matrices 
of exposure is increasingly emphasised. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3: Scheme of possible NPs (Ag) flow in the environment. Taken from Gottschalk et al. (2009) 
[30]. Data are mode values (> 0.0005) in tonnes per year for the United States of America. 
 
1.1.1.6 Usual NP physico-chemical characterisation 
1.1.1.6.1 UV-visible spectroscopy 
NPs have optical properties (including absorbance properties) that are sensitive to various 
parameters such as size, shape, concentration and agglomeration state which may vary with 
the medium of exposure used. As such, the UV-visible spectroscopy (UV-vis) has shown to 
be a valuable and inexpensive technique for characterising NPs in aqueous media [38-40]. 
Chapter 1: Introduction and Aims 
7 
 
1.1.1.6.2 Dynamic Light Scattering 
1.1.1.6.2.1 Z-Average 
When particles in suspension are exposed to a monochromatic laser beam part of the 
photons is deviated due to interactions with the electric field of the particles. The deviated 
photons constitute the scattered light. It has been demonstrated that the scattered light 
intensity from a particle was related to its hydrodynamic diameter dH (i.e. the bigger the 
particle is, the more intense the scattered signal is) [40-42]. 
The Dynamic Light Scattering (DLS) technique is based on the measurement of the 
scattered light intensity from excited particles and informs on the averaged derived dH, also 
referred to as z-average, of the analysed suspension. The z-average value is therefore 
generally superior to the actual core diameter of the analysed particles (i.e. considering the 
primary particle size derived from dry based microscopy characterisation) as the particles 
may be directly impacted by the physico-chemical properties of the medium used for 
exposure as well as the presence of any impurities in the analysed suspension.  
The Polydispersity Index (PdI, dimensionless) is generally proposed along with every 
measurement performed by DLS in order to upraise the significance of the produced data. 
According to the manufacturer, PdI > 0.7 attests that the analysed suspension is too 
polydisperse for being suitable with DLS measurements. Conversely, PdI < 0.3 characterise 
monodisperse colloidal suspensions.  
1.1.1.6.2.2 Zeta Potential 
When an electric field is applied to a colloidal suspension, the particles bearing charges 
(due to processes of surface ionisation and/or adsorption of charged particles) exhibit an 
electrophoretic mobility towards the counter-charged electrode. By measuring this 
electrophoretic mobility, the DLS (using dedicated cuvettes bearing electrodes) can derive 
zeta potential values of particle suspensions [40-42]. 
The zeta potential represents the potential in the slipping plane of a particle (i.e. the plane 
which separates the mobile fluid from the fluid that remains attached to the surface). The 
zeta potential value can be positive or negative (generally between -30 mV and +30 mV) 
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and may be directly impacted by the physico-chemical properties of the medium used for 
exposure. Regardless of the charge, the zeta potential measures the magnitude of 
attraction/repulsion between the particles. High absolute values will therefore attest to the 
stability (i.e. due to important repulsion between particles) of the analysed suspension, and 
conversely with low absolute values. 
1.1.1.6.3 Atomic Spectroscopy 
Atomic Spectroscopy techniques such as Atomic Absorption Spectroscopy (AAS), 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) and Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) are analytical methods used to determine 
the concentration of a particular metal element (e.g. Ag, Zn, Cu) within a sample based on 
its electromagnetic or mass spectrum [40, 41]. 
1.1.1.6.4 Electron Microscopy 
Particle size, shape and surface features are critical NP properties which are commonly 
characterised using Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) [40, 43]. Electron microscopy works by bombarding a sample with a 
stream of electrons and monitoring either the resulting scattering (SEM) or transmission 
(TEM) effects. The main difference in outputs of both techniques is the way in which the 
images are resolved. However from a practical viewpoint, SEM is associated with shorter 
sample preparation and analysis than TEM, whereas TEM delivers greater resolution than 
TEM. 
1.1.2 Nanoecotoxicology 
1.1.2.1 Definition 
Toxicology is the branch of science concerned with the nature, effects, and detection of 
poisons (i.e. substances that are capable of causing the illness or death of a living organism 
when introduced or absorbed). Ecotoxicology is a sub-branch dedicated to the environment 
related living organisms. Nanoecotoxicology is, specifically, the ecotoxicology of NMs. 
Not only the nomenclature is interconnected, the domain itself derives from the others as 
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reported by Karhu and Dubourguier (2010) [14] in “From ecotoxicology to 
nanoecotoxicology”. 
1.1.2.2 “State of the art” 
Nanoecotoxicology emerged ca. 10 years ago and developed across a plethora of model 
organisms (e.g. crustaceans, bacteria, worms, algae, fishes, plants) screening an 
overwhelming panel of NPs (e.g. of different type, size, charge, coating, surfactant) via 
diverse approaches (e.g. varying methodologies, media, endpoints, concentrations) [2, 14, 
16, 44-46]. 
Overall, it was demonstrated that different model organisms have different sensitivity to 
NPs; algae and crustaceans (natural filters) being the most sensitive. The toxicity of NPs 
was shown to vary from one material to another; generally attesting to great toxicity of Ag, 
ZnO and CuO NPs compared to TiO2 NPs, regardless of the testing model. In case of the 
soluble NPs, ions were generally reported as more toxic than the NP counterparts and the 
toxicity therefore often reported has mainly driven by the released ions [47]. Otherwise, 
NPs were widely described to exhibit very versatile physico-chemical properties (i.e. 
corona related) function of, especially, the environment they are in/with [48, 49]. Size and 
shape of NPs have shown to impact their eventual toxicity [50-55], and so have pH, salt, 
ionic strength, temperature and light variations [56-59]. The media of exposure were shown 
to have direct impacts on the NP toxicity [60-66]. Protein containing media (such as Luria 
Bertani or LB medium) may for example result in the underestimation of NP toxicity as 
proteins may adsorb on the surface of the NPs potentially altering the metal/ion release or 
sensibly modifying their size or leading to more aggregation. Similarly, the presence of 
organic matter has shown to diminish the toxicity of NPs [67, 68]. 
Despite the above information and despite being clearly associated with protein, membrane, 
oxidative and DNA damage, the mechanisms (especially in kinetics terms) by which NPs 
are toxic is not yet deciphered [34, 69]. Consequently, the “state of the art” mainly 
highlights how little we understand about the actual behaviour and toxicity of NP in real 
matrices despite critical works have accumulated and nanoecotoxicological trends have 
emerged during the last decade. 
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1.1.2.3 Current needs 
Nanoecotoxicological studies are particularly challenging since the behaviour, 
bioavailability and toxicity of NMs are governed by their physico-chemical properties (e.g. 
size, shape, charge, surface area, coating/corona) which are greatly versatile with their 
environment. This leads to particularly complex studies and to a lack of consistency 
between results [2, 63, 69-72], challenging further the global understanding and 
formulation of undergoing mechanisms or principles. Consequently, both the importance 
and need of standardised approach development and NM characterisation were especially 
emphasised in nanoecotoxicology during the past few years [6, 27, 34, 69, 70, 72, 73]. Due 
to the extent of the screening task to perform, the need for high throughput systems has 
been highlighted too; and so was the need for more frequent assays in real matrices (e.g. 
wastewaters) or questioning potential long term effects of NMs [33, 46, 72, 74, 75]. 
1.1.3 Bacteria 
1.1.3.1 Definition 
Bacteria are ubiquitous prokaryotic microorganisms constituting a highly diversified 
although still uncomplete (e.g. unknown and non-culturable bacteria) phyla. Gram positive 
(Gram+) bacteria are characterised by a single external membrane covered with a thick 
peptidoglycan based layer while Gram negative (Gram-) bacteria exhibit a double 
membrane (with only a thin peptidoglycan layer intercalated) covered with 
lipopolysaccharides (LPS). 
Bacteria may be encountered as planktonic or biofilm forms [71, 76]. Biofilms are defined 
as accretions of mono or multi communities of bacteria at biological or non-biological 
interfaces embedded in a self-produced extracellular polymeric (EPS) matrix [77, 78]. 
Biofilms are generally referenced as complex, organised and dynamic structures as well as 
being the main living form of bacteria in the environment [71, 76-78]. Conversely, the 
planktonic form of bacteria will therefore refer to their non-biofilm organisation when they 
are “freely floating” (Fig. 1.4). 
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Fig. 1.4: Planktonic and biofilm living forms of bacteria. Adapted from Saleh et al. (2015) [71]. 
 
In addition, compared to planktonic bacteria, biofilms can have gradients of electron donors 
and acceptors within their structure for example. They also can exhibit both highly active 
and dormant cells, simultaneously, or show coordinate behaviour in response to particular 
events; all governed by a highly regulated signalling system known as the quorum sensing 
[71, 76-79]. The different living style of planktonic and biofilm bacteria have been 
associated with different transcriptomic patterns [80, 81]. Even their tolerance to 
antibacterial agents such as antibiotics has been found to be different [77, 79, 82, 83]; the 
biofilm bacteria being generally more resilient than the planktonic bacteria. 
Bacteria are known environmental facilitators at the bottom of the food chain. They may be 
symbiotic or pathogenic microorganisms for plants and animals (including human beings) 
and may therefore have both beneficial (e.g. wastewater treatment, bioremediation, flora) 
and problematic (e.g. biofouling, infections) implications. Consequently, bacteria (as both 
planktonic and biofilm forms) represent essential environmental model microorganisms (as 
well as potentially key clinical targets from a health prospective). 
1.1.3.2 Using bacteria as model microorganisms in ecotoxicology 
Examples of application of bacteria as model microorganisms in ecotoxicology are 
numerous as attested, for example, by the review of Robbens et al. (2010) [84]. 
Concomitant with the apex of the molecular biology in the 90s, a plethora of bespoke 
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genetically modified bacteria (GMB, e.g. luminescence emitting bioreporters) have been 
designed and reported [85-87]. A non-exhaustive list of such bioreporters (considering ca. 
70 different GMB potentially applicable in nanoecotoxicology) is proposed in Appendix A 
(Table S1.1). The interest of developing GMB is generally supported by the scientific 
community [88-90] even if strict regulations are globally limiting their broader applicability 
so far [91]. 
Ecotoxicology is also a domain in which the implementation of technologies (i.e. integrated 
along with the use of bacteria) was initiated in order to help developing portable devices 
suitable for remote testing or integrating multiplex platforms for high throughput analyses 
of samples for example [92-96]. 
With such a strong background in ecotoxicology and in light of their aforementioned 
relevance, the use of bacteria in nanoecotoxicology may seem legitimate; some additional 
reasons were nonetheless recently highlighted. 
1.1.3.3 Reasons for using bacteria in nanoecotoxicology 
Holden and co-workers (2014) [97] recently discussed five reasons for using bacteria in 
nanoecotoxicology. Theses authors outlined evidence suggesting that NMs can “reduce 
bacterial community diversity” and “alter bacterial physiology and thus nutrient cycling”. 
In addition, they reported that bacteria may “affect NM physical characteristics”, “degrade 
NMs”, and “initiate NM trophic transfer to higher organisms”. They notably concluded that 
routinely using bacteria for assessing NMs would promote effective management of their 
environmental risk. 
Additional advantages could be mentioned regarding bacteria, such as their ease of 
handling, their rapid growth, the diversity of their phylum, and as aforementioned their 
potency of being engineered by molecular biology or of being integrated with biosensor 
technologies as reported in ecotoxicology. Their dual relevance in both environmental and 
health related sciences makes bacteria very interesting model microorganisms too.  
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1.1.4 Bacteria as model microorganisms in nanoecotoxicology 
As widely used and potentially antimicrobial NMs (§ 1.1.1), the following will focus on the 
inorganic NPs. 
1.1.4.1 Toxicity and mode of action 
Several reviews have discussed bacteria based toxicity data and the possible mode of action 
of metal and metal oxide NPs recently [16, 31, 40, 43, 71, 98, 99]. In light of this dedicated 
literature, it appears that the mechanism(s) by which the NPs are toxic is overall unclear 
and that conflicting information exist because of, often, differences in the NP dose and 
solubility or to the methodology used (e.g. NP dispersion method, media of exposure, 
presence of additives, endpoints). 
More specifically, the toxicity mechanism(s) of metal and metal oxide NPs to bacteria is 
generally associated with oxidative stress (e.g. generation of reactive oxygen species, 
ROS), membrane stress (e.g. accumulation at the bacterial surface and potential 
alterations), DNA stress (e.g. up and down regulation of genes) as well as released ion 
based effects and potential internalisation of NPs. The kinetics of those mechanisms is 
globally unknown; their real implication as causes of toxicity is sometimes debated, 
especially for the NP internalisation which in the absence of endocytosis phenomenon in 
bacteria may be seen either as a consequence of the toxic impact or as a methodological 
artefact. 
ROS-induced damage are widely reported to bacteria [98], the causal link between NP 
properties and ROS generation (by the NPs and/or by the bacteria) is nevertheless unclear. 
The commonly incriminated ROS species are radical and non-radical forms of high energy 
chemical species such as singlet oxygen (
1
O2), hydroxyl radical (•OH), superoxide ions 
(•O2
-
) and hydrogen peroxide (H2O2) [100, 101]. Additional information may be found in 
the detailed review on the implications of oxidative stress induced by inorganic NPs in 
bacteria [98]. 
The bacterial membrane alteration is a more debated mechanism. Whereas the interaction 
between the NPs and the cell wall (e.g. adsorption via van der Walls or electrostatic 
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interactions as well as via specific groups of moieties depending on the NP coating) seems 
to be an important factor contributing to the toxicity [53, 102], the sparsely reported 
internalisation of NPs is not widely accepted [43, 103]. Alteration of the membrane 
permeability, viscosity and transport exchanges capability were proposed as consequences 
of such interactions [104, 105]. 
The toxicity of soluble NPs such as Ag, ZnO and CuO is commonly associated with 
released ion (e.g. Ag
+
, Zn
2+
 and Cu
2+
) based effects [47]. The bacterial case is not different 
as emphasised by the recent review by Juganson et al. (2015) [16] and reported elsewhere 
[106-108]. The ions are notably thought to be capable of diffusion through the bacterial 
membrane (via porines for example) directly impacting the cell homeostasis and 
metabolism. Ag
+
 has shown to be able to interact with thiol groups and to form adducts 
with enzymes, DNA and membrane associated proteins, thereby altering their function 
[109]. Detailed information may be found in the thorough review proposed by Chernousova 
and Epple (2013) [31] focussing on Ag (NPs and ions) as antimicrobial agent. 
The aforementioned stresses have been further supported by the recent use of genomics and 
transcriptomics emphasising, in addition, the occurrence of nucleic acid related stresses 
[110-112]. 
A graphical abstract of the involved mechanisms reported in the NP toxicity is shown in 
Fig. 1.5. 
 
 
Fig. 1.5: Graphical abstract of the main reported mechanisms of toxicity of NPs to bacteria. 
Adapted from von Moos and Slaveykova (2014) [98]. 
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In addition, Gram+ and Gram- bacteria have shown to be differently tolerant to NPs, the 
Gram+ being generally reported as the most sensitive [106]. The complex LPS extracellular 
surface of the double membrane of the Gram- bacteria may confer better protection overall 
[43]. Some bacteria may also be naturally better equipped than others with, for example, 
metal resistance genes (e.g. to Ag, Zn or Cu) therefore mitigating the potential impact of 
the released ions in this case. Catalase positive bacteria have also shown to be more tolerant 
to oxidative stresses than catalase negative ones [98]. 
Consequently, different bacteria may have different susceptibility to NPs, further 
challenging the general understanding of the toxicity related mode of action of NPs which 
still remain to be clearly deciphered. 
1.1.4.2 Review of the methodological habits 
As the methodology appeared to be a recurrently discussed issue within the 
nanoecotoxicological domain and as bacteria have intrinsic advantages from a development 
prospective, a comprehensive literature review has been performed focussing on the actual 
methodological habits of scientists when using bacteria for NP testing. Main goals of this 
review were to highlight the common approaches, species, media and techniques used over 
the last decade; mapping their emergence, questioning their relevance and identifying the 
potential gaps. 
1.1.4.2.1 Overall snapshot 
The following considers 250+ publications dedicated to the testing of inorganic NPs using 
bacteria over the period 2005-2015. Similarly to Juganson et al. (2015) [16] before, existing 
research studies were mapped by the author using Web of Science
TM
 (Thomson Reuters) 
with key search term combinations (e.g. bacteri* AND nano* AND *toxic*, bacteri* AND 
nano* AND *toxic* AND eco*). The list of selected relevant publications was cross-
checked and completed with the references from the aforementioned reviews [16, 31, 40, 
43, 71, 98, 99] reporting on toxicity and mode of action of NPs to bacteria in order to 
ensure maximal relevance. 
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The first observation is that about 70 % [50, 52-55, 57, 59-63, 66, 74, 102-105, 108, 110-
269] of the considered literature is based on planktonic bacteria (Fig. 1.6). Works with 
biofilms emerged relatively recently and represents slightly less than 20 % [71, 270-315] of 
the total reviewed information. A third section, named here as “microcosms”, using both 
planktonic and biofilm forms of bacteria (without directly referring to them) was also 
identified. Representing slightly more than 10 % [316-347] of the research done so far, 
mainly in the very recent years, this field is only emerging. 
 
 
 
 
 
 
 
 
Fig. 1.6: Mapping the use of bacteria as model microorganisms in nanoecotoxicology during 
the 2005 - 2015 period. The cumulated appearance of the planktonic, biofilm and microcosm based 
methods using bacteria considering 250+ dedicated publications is plotted above. 
 
This quick snapshot attests to the wide use of bacteria in nanoecotoxicology, especially as 
planktonic cultures; biofilms nonetheless are the common living form of bacteria in the 
environment (§ 1.1.3). In addition, those figures do not take into account additional papers 
identified as using bacteria (mainly via planktonic means too) but focussing first on the 
process of biosynthesis (or green synthesis) of NPs (e.g. [348-352]). Similarly, information 
on NP coated surfaces or NP embedding films is not considered, neither are the papers 
using cyanobacteria or the emerging ones reporting on hybrid or composite NPs (e.g. [353-
357]). The above therefore certainly underestimates the use of the planktonic based 
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methods, further unbalancing the actual situation. The emergence of more realistic studies 
using complex models such as biofilms and microcosms is nevertheless representative of 
the trend of proposing more relevant data in nanoecotoxicology over the years as 
previously highlighted (§ 1.1.2). 
As shown in Fig. 1.7 A, this effort of proposing more relevant data is also certainly 
substantiated by the multiplication of the real matrices of exposure (e.g. soils, wastewaters, 
freshwaters, seawaters) being used, especially in the very recent years [59, 118, 123, 125-
127, 132-134, 136, 156, 158, 184, 191, 204, 205, 227, 280, 290, 306, 312, 316-319, 321-
332, 334-337, 339-342, 344, 346, 347]. However, those are minority cases as the overall 
picture attests that more than 80 % of the research with bacteria (all methods considered) 
has been performed in non-real matrices so far. Some distinctions have nonetheless to be 
made. The rich and undefined microbiological media (e.g. Luria Bertani, Tryptone Soja 
Broth, Nutrient Broth) represent ca. 50 % of the matrices used, followed by a group 
composed of water, water supplemented with NaCl and PBS (phosphate buffered saline) 
representing ca. 25 %. Then come the minimal defined microbiological media (e.g. 
Minimal Davis Medium, TSM, M9, HEPES Minimal Medium, ca. 15 %) and the synthetic 
waters mimicking real-matrices (e.g. freshwaters, wastewaters, seawaters, ca. 10 %). 
Regarding the bacterial species commonly used for the testing of NPs (Fig. 1.7 B), 
Escherichia coli, Pseudomonas spp., Staphylococcus spp. and Bacillus spp. are the most 
frequently used bacteria (ca. 30, 13, 10 and 9 % respectively). Altogether with an additional 
section called “mix community” (ca. 14 %, mainly supported by assays in real matrices 
using microcosms) they count for more than three quarters of the literature reviewed. 
Interestingly enough, Pseudomonas spp. are represented at more than 75 % by P. 
aeruginosa strains; P. putida strains counting for, comparatively, only 19 %. On the other 
hand, the use of Vibrio fischeri (5 %) and Salmonella spp. (4 %) may be noticed as well as 
a significant “Miscellaneous” section (10 %) attesting overall to the intrinsic diversity of 
bacteria. 
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Fig. 1.7: Deciphering the matrices of exposure and the bacterial species commonly used for 
NP testing. The outputs from the performed literature review on bacteria based nanoecotoxicology 
considering 250+ publications with overviews of used matrices (in A) and bacteria (in B) are shown above, 
regardless of the methodology (e.g. planktonic, biofilm, microcosm). 
1.1.4.2.2 Planktonic based studies 
Considering the planktonic case, E. coli were used in more than half of the publications 
considered here [50, 52-55, 59, 60, 62, 63, 74, 102, 104, 105, 108, 110, 111, 115-117, 119-
121, 124, 131, 137-139, 144, 145, 147, 148, 152, 155, 156, 158, 160, 162, 163, 168-172, 
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174, 176, 178-182, 187-190, 192, 196-200, 202-204, 206-208, 210-214, 216-218, 220-222, 
224, 225, 230-232, 235, 236, 238, 240-242, 244-247, 250-261, 263-265, 267] and finally 
represents ca. 40 % of the used bacterial models, followed by Pseudomonas spp. (12 %, 
which ca. 17 % of P. putida), Staphylococcus spp. (10 %) and Bacillus spp. (9 %). 
Interestingly, about a quarter of the planktonic literature are clearly presented as more 
related to health sciences [111, 112, 138, 143, 148, 149, 152, 159-162, 169, 171, 172, 176, 
180, 181, 186-188, 196, 202, 203, 213, 217, 221, 224, 225, 237, 238, 242, 247, 249, 251, 
253, 256, 257, 260, 261, 263, 265, 266, 268, 269] than environmental sciences; nonetheless 
the same bacteria are being used in both contexts.  
As shown in Fig. 1.8 A, the testing of Ag, TiO2, ZnO and CuO NPs represent two thirds of 
the available information. A myriad of different NPs are then represented in the 
“Miscellaneous” section (e.g. Au, MgO, AlxOy, FexOy, CeSO2, SiO2, In2O3, etc.; each 
representing less than 5 % of the literature) attesting to the overwhelming sweep of the NP 
testing task. 
From a methods viewpoint (Fig. 1.8 B), the use of plating approaches (i.e. based on colony 
forming units (CFU) counting and disc or well diffusion principles) and of 
absorbance/transmittance means (i.e. turbidity or colour forming monitoring by naked eye 
or spectrophotometric readers) overlook all the others being used respectively 103 and 78 
times. Interestingly, those approaches are generally the ones proposed as “standards” 
(especially the disc/well diffusion method) in NP biosynthesis related (e.g. [348-352]) or 
clinical orientated literature (e.g. [112, 138, 143, 148, 149, 152, 161]). They are also 
referred as particularly inaccurate for the plating case and non-suitable with colour or 
complex materials for the optical density (OD) monitoring case [358, 359]. In addition, 
rarely performed in real matrices (ca. 8 % of the available data) the actual relevance of the 
above might be questioned. 
Some alternative applications are emerging such as the use of flow cytometry, but those 
remain scarce despite being promising [118, 158, 178-181, 190, 203, 226, 253, 257]. 
Assays with some natural bioluminescent bacteria such as Vibrio fischeri (mainly used as 
proposed by Microtox) have been proposed [113, 114, 135, 140, 142, 150, 165, 175, 177, 
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183, 195, 215, 228, 229, 233, 236, 243, 248] but dramatically suffered from being generally 
performed in water supplemented with NaCl at 2 - 22 % (w/v). The use of light-emitting 
GMB (based on bespoke E. coli at 75 %) has been reported too [52, 61, 66, 104, 124, 141, 
144, 145, 147, 182, 185, 200, 203, 204, 207, 219, 222, 227, 235, 236, 238, 258, 360] but 
not quite as extensively as observed in ecotoxicology (Appendix A, Table S1.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.8: Insights into the toxicity testing of NPs using planktonic based assays. The outputs from 
the performed nanoecotoxicological literature review dedicated to the bacterial planktonic case considering 
170+ publications with overviews of tested NPs (in A) and used methods (in B) are shown. 
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The aforementioned planktonic based methods used for the toxicity assessment of NPs are 
now commonly associated with characterisation techniques such as transmission electron 
microscopy (TEM), atomic force microscopy (AFM), Fourier transform infrared 
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), or more recently by 
transcriptomic and proteomic techniques (e.g. [104, 108, 111, 112, 116, 124, 132, 133, 139, 
145, 154, 155, 163, 164, 166, 167, 283]). The use of fluorescent viability markers, the 
monitoring of utilised substrates (e.g. gas, ATP, carbon sources) or expressed enzymes (e.g. 
from the ROS pathway) are also being increasingly reported. 
Interestingly, only a handful of planktonic studies (ca. 9 %) clearly questioned the NP 
ageing or the potential recovery of bacteria [53, 118, 129, 136, 140, 143, 157, 166, 175, 
194, 195, 225, 229, 234, 239, 250]. 
1.1.4.2.3 Biofilm based studies 
Focussing on the biofilms [71, 270-315], Ag, TiO2, ZnO, CuO and Au NPs were mainly 
tested (Fig. 1.9 A) using mono-species biofilms with Pseudomonas spp. (ca. 23 %, which 
about a quarter is using P. putida), Staphylococcus spp. (ca. 16 %), E. coli (ca. 11 %) and 
Bacillus spp. (ca. 8 %) especially. The tested materials and used models are fundamentally 
the same than with the planktonic approaches even if the rankings may differ between the 
two. Interestingly, multi-species biofilms (i.e. based on mix communities) were also 
reported (ca. 11 %). 
As similarly stressed above, some species such as P. aeruginosa may be alternatively used 
in ecotoxicological (e.g. [71, 282, 291, 296-298]) or toxicological (e.g. [294, 300, 301, 303, 
311]) contexts. Overall, slightly more than 40 % of the biofilm literature identified here is 
clearly positioned in a health (or clinical) related context [270-273, 275, 281, 284-286, 289, 
291, 294, 300, 301, 303, 305, 309, 311, 313, 315] while being relevant for environmental 
scientists too. Interestingly and regardless of the materials, only about 50 % [271-273, 275, 
276, 279-284, 286, 287, 289, 291, 293, 295, 297, 298, 305, 308-310, 312] of the biofilm 
literature actually compare the toxicity information with a planktonic counterpart. 
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Fig. 1.9: Insights into the toxicity testing of NPs using biofilm based assays. The outputs from the 
performed nanoecotoxicological literature review dedicated to the bacterial biofilm case considering 45+ 
publications with overviews of tested NPs (in A) and used methods (in B) are shown. 
 
From a methodological standpoint (Fig. 1.9 B), the biofilms can be separated in two main 
groups which are the static and the non-static. Static biofilms are established in microtiter 
plate or microtubes, on beads, slides or membranes in the absence of flow [271-276, 279-
281, 283, 286, 287, 289, 291-294, 298-301, 303-305, 307, 309-311, 313, 315]. Non-static 
biofilms are established in reactors (e.g. rotating, CDC and flow-cell reactors) and/or on 
slides (i.e. generally immerged within a matrix in recipients or in natural environments) 
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under controlled or not turbulent or laminar hydrodynamic conditions [71, 270, 277, 278, 
282, 284, 285, 288, 290, 295-297, 299, 302, 306, 308, 312, 314]. The use of non-static 
biofilms is often encouraged as leading to mature (and fully hydrated) structures “free” 
from planktonic cells, being therefore overall more relevant that the static ones [361-363]. 
However, non-static biofilm based studies represent less than 40 % of the reviewed 
literature. Interestingly, not half of those latter actually performed the exposure to the NPs 
under the flow conditions too; in a majority of cases biofilms are first sampled (i.e. 
harvested) before being exposed to NPs in a “static” manner. The toxicity testing of NPs to 
mature biofilms under flow conditions appears therefore very limited still. 
From a characterisation viewpoint, the analysis of biofilms in microtiter plate is mainly 
performed using a crystal-violet based approach while slides are generally treated with 
viability stains associated with, respectively, spectrophotometric or microscopic supports. 
The plate count from disrupted biofilms [71, 282, 284-286, 291, 292, 294, 297, 299, 301, 
302, 308, 310, 311] or the monitoring of metabolic parameters [276-279, 282, 283, 288-
290, 292, 295, 310, 313] are not common practices (each in ca. 30 % of the listed biofilm 
papers) but are reported. Approaches based on flow-cell systems generally required 
fluorescent staining coupled with microscopy such as confocal laser scanning microscopy 
(CLSM) in order to image through the biofilm structure (e.g. [272, 274, 282, 289, 294, 306, 
309, 314]). Here as well, inputs from proteomics and transcriptomics are emerging [276, 
277, 280, 282-284, 295]. 
1.1.4.2.4 Microcosm based studies 
Finally looking at microcosm related papers [316-347], unsurprisingly about 95 % used real 
matrices. Interestingly those matrices were mainly soils, sands and sediments; river, 
estuarine or stream waters were scarce comparatively [318, 331, 333, 343, 345-347]. In 
addition to the matrix, intrinsically with the idea of microcosm comes the notion of long 
term experiments (from days to months) and of mix microbial communities as both 
observed here for most of the papers. Due to the complexity of the exposed microbial 
population, molecular biology based characterisation means such as sequencing, terminal 
restriction fragment length polymorphism (T-RFLP) and  fluorescence in situ hybridisation 
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(FISH) were generally deployed (ca. 70 %) as support for global metabolic based analyses 
(ca. 80 %) via leucine incorporation, protease activity, C or N use and gas production 
monitoring techniques for example. 
1.1.5 Knowledge gaps 
In light of the above literature review (§ 1.1.4.2), some fields of application are clearly 
underexploited using bacteria. The use of environmental strains such as P. putida, of 
complex materials such as biofilms and of real matrices of exposure such as wastewaters 
should be promoted to support the generation of more relevant data. Similarly, the 
development of some approaches such as the use of bespoke GMB within planktonic and 
the use of hydrodynamic conditions within biofilm, both in real-time, should be 
encouraged. The further development of microcosm based studies was also identified as a 
potentially relevant source of information but was not pursued herein. 
In addition and surprisingly, despite a consensus about the importance of NP ageing in 
regards to toxicity; this later is only scarcely considered. Similarly, the investigation of the 
potential recovery of the model microorganisms post exposure to NPs is not common 
information in spite of being potentially crucial. Consequently, the consideration of those 
(ageing of NPs and recovery of bacteria) when performing planktonic or biofilm based 
assays would further support novelty. 
Interestingly, despite the fact that NPs are widely used in the sensor sector [16], the use of 
biosensor technologies (defined by Turner et al. (1989) [364] as analytical approaches 
incorporating a biologically-derived sensing element intimately associated with a physico-
chemical transducer designed to translate biochemical reactions into electrical signals) such 
as microcantilever (µCT) or surface plasmon resonance imaging (SPRi) for performing 
toxicity testing of NPs is not reported yet. Any implementation of biosensor technologies 
using bacteria could therefore be valued as original proof of concept for NP testing 
applications. 
Chapter 1: Introduction and Aims 
25 
 
1.1.5.1 Switch-on/off bespoke GMB 
Switch-on/off methods of monitoring bacterial growth are based on light emitting bacteria 
(such as bespoke GMB) expressing an optically monitorable signal (e.g. luminescence, 
fluorescence). Regardless of the signal type, the general principle is based on the 
monitoring of the emitted signal over time when the GMB is exposed to various 
concentrations of potential toxicants [90]. 
 
Fig. 1.10: Switch-on/off based method. Adapted from van der Meer and Belkin (2010) [90]. 
 
Switch-on bioreporters are inducible. They are genetically engineered to emit a signal 
under particular conditions of stress (e.g. membrane, DNA, protein or oxidative damages) 
regardless of the identity of the toxicant, or under the presence of a targeted compound (e.g. 
heavy metals, mono and poly-aromatic hydrocarbons). The presence/impact of toxicants is 
therefore characterised by an increase over time of the emitted signal (corresponding to the 
activation of selected signalling pathways) when compared to a non-exposed control (Fig. 
1.10, top scheme). 
Conversely, switch-off bioreporters are genetically designed to bear reporter genes under a 
constitutive control. The presence/impact of toxicants is therefore characterised by a 
decrease of the emitted signal over time (corresponding to bacterial growth inhibition 
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and/or bacterial death) when compared to a non-exposed control (Fig. 1.10, bottom 
scheme). 
Consequently, switch-on systems are either unspecific or specific and may inform on the 
presence/absence of a targeted toxicant as well as the way by which it may be toxic. Such 
bioreporters are operated at the sub-lethal level. Conversely, switch-off bioreporters are 
unspecific and provide information on the relative toxicity of the tested toxicant. Switch-off 
systems can lead to IC50 values (i.e. defined as the concentration of toxicant inhibiting half 
of the exposed microbial reporting population) and therefore inform on the acute toxicity of 
tested toxicants. 
Overall 23 studies assessing antibacterial properties of NPs (ca. 13 % of the 
aforementioned planktonic literature) were identified as using switch-on/off GMB 
bioreporters. As discussed by van der Meer and Belkin (2010) [90] and Xu et al. (2013) 
[87], and also observed here in the large majority of cases, lux based systems are generally 
preferred because luminescence offers better kinetics overall (i.e. quicker response, shorter 
life time) than fluorescence. More specifically, a few different stress based switch-on GMB 
were reported [66, 104, 124, 145, 147, 182, 204, 219, 222, 227, 236, 238, 360]. Current 
limitation of the switch-on approaches relies on the absence of clearly understood 
mechanism(s) of identified specific pathway(s) for NP toxicity, limiting the development of 
“NP specific GMB”. Alternatively, switch-off GMB were proposed for acute testing of 
diverse NPs along with IC50 values after, generally, 1 - 2 h of exposure [144, 200, 203, 235, 
258, 365, 366]. The development of arrays has been proposed [114, 182]. This literature 
attests to the potential of light-emitting GMB based tools for NP testing; however 
applications have been almost exclusively based on E. coli bioreporters (ca. 90 % of the 
cases) and restricted to NP testing in microbiological growth media. 
Recently, the P. putida BS566 lux::CDABE (hereafter referred to as P. putida BS566 lux) 
GMB has been proposed but only employed for Ag NP testing in LB [185]. P. putida 
BS566 was isolated from a coke WWTP then modified by transposon (Tn5) mutagenesis to 
constitutively express the full lux operon from Photorhabdus luminescens along with a 
kanamycin resistance gene [367]. The workability of P. putida BS566 lux for toxicity 
testing in environmental matrices such as wastewaters was suggested [185, 367], but not 
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yet investigated. Building on those preliminary studies, additional screening assays with P. 
putida BS566 lux using various NPs in different matrices (e.g. artificial and real) would 
extend the scope of applicability of the methodology and substantiate further the 
nanoecotoxicological related knowledge. 
1.1.5.2 Mono/multi-species biofilms in reactors 
Despite their relevance, only a handful of nanoecotoxicological studies have been carried 
out with fully hydrated mature biofilms under hydrodynamic conditions using reactors 
without sampling ante exposure [71, 277, 278, 282, 295, 296, 299, 314]. Unlike most 
reactors, the flow-cell systems present the additional advantages of real time and non-
invasive morphological studies allowed by the CLSM compatibility of the flow-cells 
themselves [362, 363]. As being non-destructive, such approach could support the temporal 
assessment of the toxicity of NPs, questioning for example the potential biofilm recovery 
post exposure. Although not quite reported yet, functional studies based on the comparative 
analyses of influent and effluent samples could be performed. Considering different media 
and C sources or scenarios of exposure (e.g. flow rates, single/multiple pulses of toxicants, 
mono/multi-species biofilms), a high potential of bespoke assay development is associated 
with the use of flow-cell reactors (Fig. 1.11). 
The application of flow-cell reactors has been reported in ecotoxicology for the testing of 
silver sulfadiazine and solvent styrene on Pseudomonas spp. biofilms [368, 369]. Examples 
in nanoecotoxicology are particularly scarce at the present time. Fabrega et al. (2009) [314] 
investigated the interactions (accumulation and uptake of NPs) between Ag NPs and P. 
putida biofilms. Ronen et al. (2013) [299] reported the higher resilience of non-static P. 
putida biofilms to ZnO NPs compared to static biofilms. Maurer Jones et al. (2013) [295] 
discussed the impact of TiO2 NPs to flavin secretion by Shewanella oneidensis biofilms. 
More recently, this literature was substantiated further by the study of Mohanty et al. 
(2015) [282] who reported impacts of metal NPs to structure and function of P. aeruginosa 
biofilms. 
 
Chapter 1: Introduction and Aims 
28 
 
Fig. 1.11: CLSM compatible flow-cell based reactor principle. Adapted from Crusz et al. (2012) 
[362]. 
 
Building on those pioneer examples [295, 299, 314], the assessment of the temporal impact 
of NPs on non-static mono-species biofilm (e.g. P. putida based) morphology, viability and 
activity using flow-cell reactors could be performed in first intention. Furthermore, the use 
of multi-species biofilms (e.g. wastewater based) has been limited in nanoecotoxicology 
and was not reported yet with flow-cell reactors. Both mono and multi-species biofilms 
based studies would therefore further enrich the nanoecotoxicological method portfolio as 
well as the general knowledge regarding the toxicity of NPs to relevant and complex 
biological structures. 
1.1.5.3 Biosensor technologies 
Biosensors are used for numerous purposes including disease diagnostic, drug discovery 
and environmental monitoring [89]. Microcantilever (µCT) and surface plasmon resonance 
imaging (SPRi) are examples of prolific biosensor related technologies (i.e. transducers) 
offering a wide range of applications and promises in life sciences [89, 370-373]. The main 
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advantages associated with the development and use of such technologies imply their label-
free, high throughput, high sensitivity (e.g. work at single/few cells rather than population 
level) and potential portability. Frequent drawbacks imply their complexity, fragility and 
cost. In the absence of any biosensor based application using bacteria in 
nanoecotoxicology, the implementation of such approaches might lead to new ways of 
testing the toxicity of NPs. 
1.1.5.3.1 Microcantilever 
The biosensor related µCT technology derives from Atomic Force Microscopy (AFM) 
which is a widely used technique to characterise surfaces at the nano-scale. AFM is 
fundamentally based on the interactions (i.e. forces) monitoring between the thin needle of 
a suspended cantilever and the surface to be characterised [374]. 
Comparatively, biosensor related applications are based on the monitoring of mechanical 
events occurring at the surface of “free-standing” cantilevers in response to stimuli. Two 
main principles may then be considered as µCT can be operated in static or in dynamic 
mode where responses are transduced into bending changes or resonance frequency 
changes, respectively [371]. Static mode measurements are however generally preferred 
when performed in liquid environments [372, 373]. 
The mechanical bending of a static µCT (Fig. 1.12) has been shown to be proportional to 
the occurring changes (i.e. interactions or stresses) at its surface. Consequently, by 
quantifying the mechanical bending the primary changes on the µCT can be upraised. A 
classic readout mean for assessing this bending is the monitoring over time of the variation 
of the reflective angle of an incident laser beam onto the µCT tip (Fig. 1.12). This design 
may enable the interrogation of multiple µCTs used in parallel in a “comb-like” format 
leading to array based assays. 
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Fig. 1.12: Static µCT principle. The principle of the used static µCT based approach encompassing 
mainly a laser diode, the µCT and a position sensitive detector (PSD) is schematised. The modification of the 
µCT reflective angle in response to surface stresses such as the growth of bacteria results in a quantifiable 
variation (∆) in position terms on the PSD. Adapted from Zhang et al. (2012) [372]. 
 
To date, the µCT biosensors have been essentially applied for real-time biomolecular 
interaction monitoring, heavy metal ion detection, as well as yeast cell proliferation 
monitoring [371, 372, 375-377]. Their application to bacterial systems has however been 
limited [378]. Their proof of workability in nanoecotoxicology has not been reported yet. 
1.1.5.3.2 Surface plasmon resonance imaging 
The SPR phenomenon was first described by Wood in 1902 but theorised by Fano about 
forty years later (in 1941) then experimented during the late seventies (1968) by 
Kretschmann and Otto [370, 379, 380]. A surface plasmon is an electro-magnetic wave 
propagating along the surface of a thin di-electric metal film (e.g. gold). Depending on the 
configuration (i.e. Kretschmann or Otto), the metal film may be intimately associated with 
(i.e. deposited onto), or not, a glass prism of high refractivity index (RI). 
Regardless of the configuration, the optical excitation (i.e. resonance) of the surface 
plasmon can be achieved by a polarised and collimated light beam undergoing total internal 
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reflection at the metal film and medium (gas or liquid, low RI) interface. The angle at 
which the resonance occurs is extremely sensitive to changes in the RI of the medium 
adjacent to the metal surface. Modifications at this level can be quantified in resonance 
units or response units (RUs) or again in variation of reflectivity (∆R, in % terms) via the 
monitoring of the variations in the reflected light intensity. By using metal films coated 
with probes of interest (e.g. DNA, antibodies, carbohydrates) the potency of interaction 
with possible partner molecules (i.e. defined as analytes, inducing very local changes of RI) 
can be evaluated. 
In light of the above, SPRi is the application and characterisation of the SPR signals on the 
whole surface of a biochip (defined as the metal film coated support bearing the selected 
and grafted probes) via a video camera. This design enables the biochips to be prepared in a 
microarray format with each active site bearing probes (defined as spots or channels 
depending on the configuration) providing SPR information simultaneously (based on the 
analysis of generated grey scale images over time eventually). A schematic representation 
on the working principle of SPRi is presented in Fig. 1.13. 
 
 
Fig. 1.13: SPRi principle. The working principle of SPRi (using a Kretschmann configuration) is 
schematised. In brief, the local variations (i.e. shifts) of the plasmon resonance in response to surface 
interactions (e.g. bacteria-antibodies) on a biochip (e.g. functionalised prism) result in modifying the 
reflectivity (∆R, at the single spot level); ∆R which is assessed via the monitoring and quantification of the 
SPR images of difference over time. Adapted from Bouguelia et al. (2013) [381]. 
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SPRi has already shown workability for biomolecular interaction assessment and analytes 
detection using a microarray format [382, 383]. SPRi has proven to be robust over the years 
via the emergence of various instruments, dedicated studies and companies worldwide 
[370, 384, 385]. The BIAcore (from GE Healthcare), the ProteOn (from Bio-Rad) and the 
SPRi-Plex/Lab (from Horiba Scientific) series can be proposed as examples of 
commercialised apparatus basically based on Otto (i.e. where prism and metal are close but 
independent) or Kretschmann (i.e. where the metal layer is deposed onto the prism) 
configurations.  
SPRi applications with bacteria have emerged recently [381, 383, 386, 387]. The notion of 
real-time monitoring of the bacterial growth by SPRi was first reported by Bouguelia et al. 
(2013) [381] proposing a culture-capture-measure (CCM) method using the advantages of 
specific interactions between monoclonal antibodies microarrays and bacteria (e.g. S. 
enterica, E. coli). Additional applications followed using the same method [386, 387]. A 
company, namely Prestodiag (Paris, France), exploits a similar approach for detecting 
pathogenic bacteria within complex food related matrices. Concomitantly, Abadian et al. 
(2014) [388] reported the use of SPRi for the monitoring of E. coli and P. aeruginosa 
biofilm attachment, formation and removal. The use of SPRi with bacteria has been 
initiated in ecotoxicology for the testing of antibiotics [388] and for the impact assessment 
of thermal stresses [387]. However, no proof of workability in nanoecotoxicology has yet 
been reported. 
1.1.5.3.3 Implementation in nanoecotoxicology 
Interestingly, the term of “biosensors” is frequently used in the literature to describe 
“bioreporter microorganisms” too, especially GMB [89]. Consequently, despite the 
terminology “biosensors” indeed exists in nanoecotoxicology it generally does not involve 
technology (i.e. the associated transducer part). As such, examples of biosensor (as 
described by Turner et al. (1989) [364], also founder of the Biosensors peer review journal) 
related applications in nanoecotoxicology are not yet available in the literature. However, 
recent applications of both µCT and SPRi for monitoring cell (yeast or bacteria) kinetics in 
real time were shown [377, 381]. In light of this, µCT and SPRi based assays were 
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hypothesised suitable for novel applications in nanoecotoxicology based on the real time 
monitoring of the impact of selected NPs to the bacterial growth. 
1.2 Aims 
As aforementioned, the putative toxic (antimicrobial) properties of anthropogenic NPs 
(especially widely used metal and metal oxide inorganic NPs) and related ions (when 
applicable) are of critical concern in nanoecotoxicology. Bacteria are relevant and widely 
used testing model microorganisms with numerous advantages but, despite a wealth of 
possible combinations, their applications to date could be largely summed-up as using 
planktonic E. coli testing in microbiological growth media using plating and OD 
monitoring. The applications proposing new GMB or non-static biofilms, testing toxicity of 
aged NPs, questioning the potential microbial recovery or implementing biosensor 
technologies were shown to be limited while certainly substantiating further the domain. 
Toxicity of NPs in real matrices is also still rarely performed because of the lack of suitable 
methodologies, the scarceness of original implementations, and the extent of the task. 
The main aim of this work was therefore to explore and compare (when possible) new 
planktonic, biofilm and biosensor based bacterial assays for NP toxicity testing with an 
ecotoxicological prospective. It was hypothesised: (1) that bacterial bioreporters originally 
isolated from environmental matrices (P. putida BS566 lux) would be suitable for NP 
testing in wastewaters, (2) that dynamic and complex microbial structures such as mono (P. 
putida based) and multi (wastewater based) species bacterial biofilms in flow-cell systems 
would be valuable models in nanoecotoxicology, and (3) that implementation of biosensor 
technologies such as microcantilever and surface plasmon resonance imaging would be 
possible with bacteria (P. putida) and suitable for applications in NP testing.  
In light of the above, the main following questions were identified and addressed in 
chapters 3, 4 and 5, respectively. 
 -What is the acute toxicity of commonly used NPs (Ag, ZnO, TiO2, CuO) to P. 
putida BS566 lux planktonic bioreporter when comparatively tested in microbiological 
media (Luria Bertani and Artificial Wastewater) and real complex matrices (crude and final 
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wastewaters)? How does the NP ageing impact on toxicity? How do these results compare 
with and/or complete the planktonic based literature? 
 -What is the impact of, specifically, antimicrobial Ag (NPs and ions) to mono-
species biofilms (P. putida based) and multi-species biofilms (real crude wastewater based) 
morphology (and composition when relevant), viability and activity in Artificial 
Wastewater under hydrodynamic (laminar) conditions? Are biofilms capable of recovery 
following a single pulse exposure? How do these results compare with and/or complete the 
above and the biofilm based literature? 
 -How suitable are microcantilever and surface plasmon resonance imaging 
biosensor technologies for assessing NP toxicity to bacteria (P. putida)? Are both 
technologies equally ready for such implementation? How does it compare with and/or 
complete the above and the literature? 
The testing of widely used and well characterised representative inorganic NPs from the 
Organisation for Economic Co-operation and Development (OECD) is prioritised herein. 
Relevant additional physico-chemical characterisation of tested NPs is proposed alongside 
toxicity data in each result chapter. The outcomes of this work will help fill a current 
knowledge and methodological gap in nanoecotoxicology providing relevant data and 
methodologies to assess NP toxicity in a bacterial context. In light of this work, further 
applications beyond nanoecotoxicology (e.g. nanotoxicology, nanomedicine, food science) 
may also be anticipated as well as the development of other original bacterial models and 
the further implementation of biosensor technologies (e.g. SPRi, µCTs, optical fibres, 
microfluidics). 
  
Chapter 2: Material and Methods 
35 
 
CHAPTER 2: Material and Methods 
This chapter will present or reference the technical information related to the operated 
experimentations in this project. First are detailed the used material e.g. the “Bacteria”, 
“Toxicants” and “Media”. Then are reported the procedures for reproducing the 
“Planktonic”, “Biofilm” and “Biosensor” based assays performed. The means by which the 
“Characterisation” of the NPs was performed are closing the chapter. 
2.1 Material 
2.1.1 Bacteria 
Herein, the Pseudomonas putida BS566 lux::CDABE GMB bioreporter (originally isolated 
from wastewaters, hereafter referred to as P. putida BS566 lux) was used as the main model 
microorganism for both the planktonic and the biofilm based assays. For the works 
performed in collaborative laboratories (at HWU or oversea at CEA), the use of non-GMB 
models such as P. putida KT2440 was preferred. The P. putida strains were kindly donated 
by Emeritus Prof Nick Christofi and Prof Soeren Molin, respectively. In the case of the 
SPRi based assays, specifically, validated bacterial models from the host laboratory such as 
Salmonella enterica subspecies enterica serovar Enteritidis (hereafter referred to as S. 
Enteritidis) from the Scientific Institute of Hygiene and Analysis (ISHA, Massy, France) 
and Staphylococcus epidermidis ATCC 12228 (hereafter referred to as S. epidermidis) were 
also considered. S. Enteritidis is a biosafety level 2 microorganism; all experiments were 
performed in a dedicated laboratory accordingly equipped. 
2.1.2 Toxicants 
2.1.2.1 Nanoparticles 
The tested NPs, along with related information available in the literature from previous 
characterisation [389-391], are listed in Table 2.1. Silver (Ag NM-300K, reference 
JRCNM03000a), zinc oxide (ZnO NM-110, reference JRCNM01100a) and titanium 
dioxide (TiO2 NM-104, reference JRCNM01040a) representative NPs from the 
Organisation for Economic Co-operation and Development (OECD) were obtained from 
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the European Commission’s Joint Research Centre (Ispra, Italy) and characterised 
previously [389-391]. Copper oxide (CuO) NPs were kindly donated by Zuzanna Gajda-
Meissner (PhD student, HWU, “NanoSolutions FP7” European Project) and supplied 
originally by PlasmaChem. Polystyrene NPs (Polybead® Carboxylate Microspheres 
reference 15913-10) were purchased from Polysciences. 
 
Table 2.1: Used nanoparticles related information from the literature [389-391]. 
Product Appearance 
Primary 
particle size 
(nm) 
Mean 
particle size 
(nm) 
Specific 
surface area 
(m
2
 g
-1
) 
Miscellaneous 
Ag NM-300K 
Suspension 
(brown) 
15 15 N/A 
Uncoated  
In dispersant
1
 
ZnO NM-110 
Powder 
(white) 
42 150 13 Uncoated 
TiO2 NM-104 
Powder 
(white) 
20 67 60 
Rutile 
Hydrophilic 
CuO 
Powder 
(white) 
15 N/A 55 COOH-coated 
Polystyrene 
Suspension 
(white) 
N/A 50 N/A 
COOH-coated 
In dispersant
2
 
 
N/A - not available 
1
 in suspension at 10 % (w/v) in 4 % (v/v) each of Polyoxyethylene Glycerol Trioleate and Polyoxyethylene 
(20) Sorbitan mono-Laurat (Tween 20) (supplier information) 
2
 in suspension at 2.5 % (w/v) in deionised water with 0.1 % (v/v) sodium dodecyl sulphate (supplier 
information) 
 
2.1.2.2 Others 
Silver nitrate (AgNO3), zinc sulphate (ZnSO4), copper chloride (CuCl2) and copper 
sulphate (CuSO4) salts were purchased from Fisher Scientific and used as sources of ions. 
As for the above NPs, all reported concentrations are in Ag (i.e. mg Ag L
-1
), Zn (i.e. mg Zn 
L
-1
) or Cu (i.e. mg Cu L
-1
) final terms. Virkon
®
 1 % (w/v) was from DuPont; the 
kanamycin antibiotic was obtained from Sigma-Aldrich. 
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2.1.3 Media 
2.1.3.1 Laboratory growth media 
Both undefined Luria Bertani (10 g L
-1
 of tryptone, 5 g L
-1
 of yeast extract, 5 g L
-1
 of NaCl, 
pH 7, ionic strength ca. 80 mM) and defined Artificial Wastewater (2 g L
-1
 (NH4)2SO4, 6 g 
L
-1
 Na2HPO4, 3 g L
-1
 KH2PO4, 3 g L
-1
 NaCl, 0.1 mM CaCl2, 1 mM MgCl2, 3 mM FeCl3, 
pH 7, ionic strength ca. 300 mM) laboratory growth media (hereafter referred to as LB and 
AW, respectively) were freshly prepared prior to each experiment. All chemicals were 
obtained from Fisher Scientific. MilliQ water (18 MΩ cm-1) was used for preparing the 
media. Typical sterilisation procedure was 121 °C for 15 min. 
The AW consisted of AB mineral medium, as being comparable in composition to 
synthetic wastewaters described previously [392, 393], supplemented with a sole carbon 
source (e.g. D-glucose, D-fructose or D-sucrose at 0.5 % w/v) [394]. 
2.1.3.2 Real matrices 
Real crude wastewater (CW, non-treated, collected between the primary bar screen and the 
first clarifier) and final wastewater (FW, treated, collected after the last clarifier) samples 
were obtained from four WWTPs in the central belt of Scotland (East Calder, Whitburn, 
Seafield and Newbridge, respectively referred herein as site 1, 2, 3 and 4). WWTPs treated 
domestic wastewaters (i.e. with low COD loading ca. 500 mg L
-1
) for population equivalent 
of approximatively 100 000, 15 000, 850 000 and 75 000 people, respectively. All samples 
were collected between February and July 2014 in sterile plastic containers using an auto-
sampler, transported and stored at 4 °C, and finally used within 24 h following collection. 
All samples were supplemented with 0.5 % D-glucose (w/v) prior to use. The wastewater 
samples along with specific physico-chemical parameters were obtained via collaboration 
with Scottish Water (UK) thanks to the kind support of Craig Milne and Simon Gillespie. 
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2.2 Methods 
2.2.1 Bacteria culture and storage 
Bacteria were cultured on LB agar plates (for S. Enteritidis and S. epidermidis) or on 
Pseudomonas isolation agar (PIA, from Sigma) plates (for P. putida KT2440) 
supplemented with kanamycin sulphate at 100 mg L
-1
 (for P. putida BS566 lux). Optimum 
temperatures of incubation were 37 °C and 28 °C, respectively.  
Aliquots of the strains were prepared from clone colonies in 50 % glycerol (v/v) in 0.85 % 
NaCl (w/v) and stored at -80 °C. 
2.2.2 Planktonic based assays 
2.2.2.1 General set-up: the P. putida BS566 lux bioreporter 
The acute toxicity testing of the NPs was performed in LB, AW, CWs and FWs to the 
constitutively luminescent P. putida BS566 lux bioreporter using the principle of a switch-
off planktonic based method (§ 1.1.5.1) in a 96-well microtiter plate format as previously 
reported [185] following the three-step based procedure schematised in Fig. 2.1. 
2.2.2.2 Testing pristine NPs in laboratory growth media 
Prior to the experiments, the P. putida BS566 lux bioreporter was freshly plated on PIA 
then pre-cultured overnight at 28 ± 2 °C in LB or in AW medium at 140 rpm. The pre-
cultured bioreporter was then diluted for final used at 10
8
 CFU mL
-1
 per well as previously 
reported with same and different bioreporters [185, 200, 258, 366]. 
Stock suspensions of NPs were freshly prepared in LB or AW medium, sonicated twice 8 
min (Kerry ultrasonic water bath, 38 ± 10 KHz) [390] and serially diluted to obtain final 
tested concentrations of 0, 0.781, 1.562, 3.125, 6.25, 12.5, 25, 50, 100 and 200 mg L
-1
. The 
NPs were characterised in both LB and AW after spiking following the method described in 
§ 2.2.5. Ag, Zn and Cu ions (applied as AgNO3, ZnSO4, CuCl2 and CuSO4 salts) were 
similarly prepared for final testing ranging from 0 to 25 mg L
-1
 for Ag and from 0 to 200 
mg L
-1
 for Zn and Cu, respectively. 
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Fig. 2.1: Schematic of the three-step based switch-off planktonic method. As shown above, first 
both the GMB bioreporter and the toxicants (i.e. NPs) were freshly prepared in the selected medium; second 
the actual dilution of the toxicants in the microtiter plate followed by the bioreporter addition then the 
incubation within a temperature controlled luminometer were performed; third the monitoring of the emitted 
luminescence over time, eventually source of IC50 values, was undertaken. 
 
Assays were performed in 100 % LB or 100 % AW medium with final NP and bioreporter 
concentrations of 0 - 200 mg L
-1
 and 10
8
 CFU mL
-1
, respectively, in a final volume of 100 
µL per well using 96-well flat bottomed black microtitre plates (Greiner bio-one). The 
microtitre plates were incubated at 28 ± 2 °C within a temperature controlled luminometer 
(SpectraMax M5 reader, Molecular Devices) and the emitted luminescence from P. putida 
BS566 lux monitored in a kinetic mode with measurements taken every 15 min for 120 
min. Experiments included the test of ten different concentrations with two toxicants in one 
medium (or alternatively with one toxicant in two media) and four replicates per condition. 
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All the experiments were replicated four times (i.e. on different days) using fresh inoculum 
and media. An example of a typically used template is shown in Table 2.2. 
Controls included wells with the bioreporter but without toxicant (i.e. reference, control or 
non-exposed condition), wells with the toxicant (at maximum concentration) but without 
the bioreporter (i.e. control of the emitted signal from the tested toxicant per se) and wells 
with the medium of exposure (i.e. control of the emitted signal from the medium per se). 
For the Ag NM-300K NP case, wells with the dispersant sole and with the dispersant with 
the bioreporter were also considered in order to verify the emitted signal from, as well as 
the potential toxicity of, the dispersant per se, respectively. 
 
Table 2.2: Example of template for the planktonic based assays in microtiter plates. 
 (mg L-1) 0 0.78 1.56 3.12 6.25 12.5 25 50 100 200 200 0 
  1 2 3 4 5 6 7 8 9 10 11 12 
Medium 
1 
A 
Non 
exposed 
control 
 Serial diluted Ag NPs from 200 mg L-1 
(in presence of the bioreporter) 
NPs 
alone 
Medium 
alone 
B 
C 
D 
Medium 
2 
E 
Non 
exposed 
control 
 Serial diluted Ag NPs from 200 mg L-1 
(in presence of the bioreporter) 
NPs 
alone 
Medium 
alone 
F 
G 
H 
 
The results were analysed at selected time points (0, 1 and 2 h) as described in § 2.2.2.5.1. 
The time point of 0 h corresponds to the first measure registered in a 5 min time window 
after exposure of the bioreporters to the toxicants (NPs or salts). The impact of tested 
toxicants was then characterised by calculating IC50 values, as described in § 2.2.2.5.2, 
when applicable. 
2.2.2.3 Testing pristine NPs in real matrices 
Assays in real wastewaters were conducted (and analysed) similarly to the aforementioned 
assays in laboratory growth media except that the P. putida BS566 lux bioreporter was 
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prepared exclusively in AW medium and the suspensions of NPs were prepared directly in 
freshly collected CW and FW samples (Fig. 2.2). 
 
 
 
 
 
Fig. 2.2: Pictures of the collected real wastewater samples. The crude (picture on the left) and the 
final (picture on the right) wastewater samples (CW and FW, respectively) used as matrices of exposure are 
shown above. 
 
The toxicity assays were therefore conducted using 90 % CW or FW (spiked with NPs) and 
10 % AW (containing the bioreporter) with final toxicant and bioreporter concentrations of 
0 - 200 mg L
-1
 (0, 0.781, 1.562, 3.125, 6.25, 12.5, 25, 50, 100 and 200 mg L
-1
) and 10
8
 CFU 
mL
-1
 still, respectively. 
The tested NPs were characterised in both CW and FW samples after spiking as described 
in § 2.2.5. 
In addition, the biochemical oxygen demand (BOD), chemical oxygen demand (COD), 
total suspended solid (TSS), ammonia, chloride, sulphide, pH and biomass loadings of all 
the used wastewater samples were characterised before spiking with the NPs. The former 
four parameters were provided by Scottish Water; the others were measured at HWU. The 
BOD was determined after 5 days ± 4 h incubation at 20 ± 1 °C by a ROHASYS BOD 
robot fitted with WTW Oxi 340i meters and corresponding CellOx 325 oxygen probes. The 
COD was determined by Hach-Lange test kits LCK314 or LCK114 (depending on the 
concentration range) read using a DR3800 spectrophotometer. The TSS was determined by 
gravimetric analysis. The ammonia loading was determined spectrophotometrically by a 
KONE auto-analyser using the salicylate method (e.g. Hach-Lange test methods 8155). The 
indigenous microbial population was quantified via total plate counts (performed on 
 
CW               FW 
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vegitone plate count agar with serial dilutions till 10
-7
 in NaCl 0.85 % w/v) after 48 h of 
incubation at 37 °C. The pH was measured with a HI 8424 pH meter (Hanna instruments). 
The concentrations of chloride and sulphide were measured using a DR2000 
spectrophotometer following the Hach-Lange test methods 8113 and 8131 based on 
mercuric thiocyanate and methylene blue methods, respectively. 
The information regarding both the characteristics of used wastewater samples and the 
eventual toxicity of freshly added NPs was used for multivariate analysis as described in § 
2.2.2.5.3. 
2.2.2.4 Testing aged NPs 
The assessment of the ageing impact on the eventual toxicity of NPs was piloted in 
wastewaters. The spiked stock suspensions of NPs (in CW, FW and AW) along with the 
original samples or medium (non-spiked) were stored at 4 °C for 8 weeks and used for 
acute toxicity testing as previously described (§ 2.2.2.3) in weeks 0, 1, 2, 4 and 8. In 
addition, the NPs were characterised in all samples alongside ageing (§ 2.2.5). 
2.2.2.5 Data analysis 
2.2.2.5.1 Luminometer data 
The data arbitrarily expressed in Relative Light Units (RLU) against time (min) by the 
luminometer were transformed to percent Relative Luminescence (%RLU, by 
normalisation against the control condition) then plotted against the toxicant concentrations 
(mg L
-1
) for selected time points. All presented plots are means ± standard error of the 
mean (SEM) across four independent experiments considering, each, four replicates per 
tested condition (Table 2.2). 
2.2.2.5.2 Calculation of the IC50 values 
The IC50 values (mg L
-1
) were calculated at selected time points by fitting a four parameter 
dose-response model to the logarithm of the concentration by weighted least squares using 
Prism software (GraphPad). All proposed IC50 values were derived from four independent 
experiments considering, each, four replicates per tested condition. 
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2.2.2.5.3 Multivariate analysis 
The multivariate analysis was performed using Canoco5 software. Based on the real 
wastewater characterised parameters (e.g. BOD, COD, TSS, ammonia, chloride, sulphide, 
pH and total i.e. heterotroph plate count) used as environmental variables, a canonical 
correlation analysis was performed considering the calculated IC50 values as explanatory 
variables. A total of thirty-two independent samples were considered (i.e. four independent 
samplings were performed with both CW and FW samples across four different WWTPs). 
The data were presented using a two axis based ordinary diagram. 
2.2.3 Biofilm based assays 
The acute toxicity testing of NPs was also performed with complex biological structures 
such as mono-species (using P. putida BS566 lux) and multi-species (using crude 
wastewater samples) biofilms in AW using confocal laser scanning microscopy (CLSM) 
compatible flow-cell based reactors [362, 363]. 
2.2.3.1 General set-up: the flow-cell reactor 
As shown in Fig. 2.3 and 2.4, the biofilm reactor consisted of several (i.e. up to four) 
CLSM compatible inverted Perspex flow-cells containing three channels (1 x 4 x 40 mm 
each) independently connected to influent and effluent containers with silicon tubings 
(Versilic). 
Each flow-cell was prepared by sealing a glass coverslip (24 x 50 mm, 0.13 mm thick) as 
previously described [362]. The flow rate was supported by a 205U multi-channel cassette 
peristaltic pump (Watson Marlow Ltd, Falmouth, UK) positioned downstream of the flow-
cells in order to prevent the impact of the bubbles generated by the pump itself. In addition, 
bubble traps were placed upstream of the flow-cells to limit the impact of bubbles 
potentially carried by the flow from the influent containers. Both the flow-cells and the 
bubble traps (Fig. 2.4) were purchased from DTU Systems Biology (Lyngby, Denmark). 
The set-up reactor was first cleaned with Virkon
®
 1 % (w/v) then extensively washed with 
sterile deionised water at 15 mL h
-1
 per channel. The reactor was finally filled with sterile 
AW and left to stabilise overnight. 
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Fig. 2.3: Schematic of the flow-cell reactor based method. A, B and C refer to key actions during the 
inoculation process: clamp off in A, dis-connect in B then inoculate in C. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4: Pictures of the material related to the biofilm based assays.  
 
The inoculum (P. putida BS566 lux or crude wastewater samples) was prepared in AW as 
described previously (§ 2.2.2.2) then diluted in order to reach a final concentration of 10
7
 
CFU mL
-1
 corresponding to a dilution ca. 1:100e after pre-culture. 
Each channel (presenting a volume of 160 µL according to the manufacturer) was then 
independently inoculated using 200 µL of the freshly prepared inoculum. The incubation 
 
CLSM compatible 
flow-cell 
Suspension of  
Ag NPs 
Bubble 
traps 
Set-up 
reactor 
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procedure involved: clamping off the tubing upstream of each flow-cell (Fig. 2.3, position 
A), disconnecting the tubing downstream of the flow-cells (Fig. 2.3, position B) and 
injecting the inoculum (using a 1 mL syringe equipped with a < 1 mm diameter needle, 
both sterile) directly within the flow-cells (Fig. 2.3, position C).The procedure was adapted 
from Weiss Nielsen et al. (2011) [363] considering here that the pump was placed 
downstream of the flow-cells. 
After inoculation, the tubings were re-connected and dis-clamped, the holes were sealed 
then the flow-cells were incubated 1 h (i.e. flow off and glass coverslip on bottom, in order 
to help the deposition of bacteria on the glass surface). The culture was finally undertaken 
(i.e. glass coverslip on top, in order to help the development of mature structures by 
limiting the presence of planktonic bacteria) for 48 h in AW with a consistent flow rate of 3 
mL h
-1
 per channel
 
at room temperature. Different scenarios of exposure (and recovery) 
were thereafter considered depending on the study (§ 2.2.3.3 and § 2.2.3.4). 
2.2.3.2 Confocal laser scanning microscopy 
The biofilms were characterised using a Leica Microsystems TCS SP2 inverted CLSM with 
a HCX APO CS 63x 1.4 oil immersion lens after staining with dedicated fluorescent dyes 
(Table 2.3). All dyes were from Life Technologies, stored at -20 °C and used following the 
manufacturer’s recommendations. 
The biofilm analysis was performed across the whole thickness of the specimens by 
scanning along the z-axis at consistent intervals to constitute a stack of parallel images 
hereafter referred to as z-stack. The data acquisition was consistently performed in a xyz 
scale (in z-wide) using a unidirectional scanning at a frequency of 400 Hz without image 
averaging. 
Syto
®
9 (green), propidium iodide (PI, red) and hexidium iodide (HI, red) stains were 
excited with a laser source at 488 nm. Green and red emissions were simultaneously 
monitored via distinct photomultipliers (PMT) set at 510 - 530 nm and 610 - 630 nm, 
respectively. In case of the FilmTracerTM Live/Dead® Biofilm Viability Kit, green and red 
correspond to live and dead bacteria, respectively. For the LIVE BacLightTM Bacterial 
Gram Stain Kit, green and red correspond respectively to Gram- and Gram+ bacteria. The 
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Concanavalin A dye was used as follows (i.e. laser source: 543 nm; PMT: 570 - 590 nm) 
and was artificially converts to a purple signal in order to facilitate the imaging when used 
concomitantly with the other dyes. In the absence of light source ca. 355 nm, blue based 
staining could not be used here. 
 
Table 2.3: Fluorescent dyes related information. 
Product 
Excitation/Emission 
(nm) 
Final 
concentration 
Incubation time 
(min) 
FilmTracer
TM
 
Live/Dead® Biofilm 
Viability Kit 
Syto
®
9: 485/520 
PI*: 485/620 
10 µM 
60 µM 
10-15 
LIVE BacLight
TM 
Bacterial Gram Stain 
Kit 
Syto
®
9: 485/520 
HI*: 485/620 
10 µM 
14 µM 
10-15 
Concanavalin A, 
TetraMethylRhodamine 
Conjugate 
TMR*: 555/580 50 - 200 µg mL
-1
 10-15 
       * PI = Propidium Iodide, HI = Hexidium Iodide, TMR = TetraMethylRhodamine 
 
A total of seven z-stacks (characterised by 100 images at 512 x 512 in resolution in a 
consistent 100 µm thickness window) were randomly registered per condition (i.e. per 
channel) for each time point in all experiments. The recorded z-stacks were further 
analysed as explained in § 2.2.3.5.1. 
Consequently, at selected time points (§ 2.2.3.3 and 2.2.3.4), the biofilms were stained by 
careful injection of dyes mixture (prepared in AW) in each channel then imaged directly 
within the flow-cells in a non-destructive manner. 
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2.2.3.3 P. putida based mono-species biofilms 
The P. putida BS566 lux bioreporter was used as a model bacterium for establishing mono-
species biofilms. As aforementioned, bacteria ware pre-cultured overnight in AW 
(supplemented with 0.5 % w/v of D-glucose) then used as inoculum at 10
7
 CFU mL
-1
 (ca. 
1:100e dilution). 
Being empirically the most toxic of the selected toxicants here, the case of Ag was 
prioritised when exploring the toxicity testing with biofilms. Stock suspensions of Ag NPs 
at 100 mg L
-1
 were freshly prepared in AW prior to each experiment, sonicated as 
previously mentioned, then serially diluted to give final concentrations of 0, 0.01, 0.1, 1, 10 
and 100 mg L
-1
. Ag ions (applied as AgNO3) were similarly used at final concentrations of 
0, 0.001, 0.01, 0.1, 1 and 10 mg L
-1
. Virkon
®
 1 % (w/v) was tested as toxicant positive 
control. 
Typical experiments involved two flow-cells (i.e. six independent channels or conditions) 
in order to maintain manageable CLSM analysis times and to limit the manipulation of the 
flow-cells (i.e. to preserve the biofilms and prevent formation of bubbles). Ag NPs and Ag 
ions were therefore tested separately. The toxicants were applied onto 48 h old biofilms for 
24 h with a consistent flow rate of 3 mL h
-1
 per channel. After exposure, the upstream 
tubings were purged and the system filled with fresh AW (i.e. free from any toxicant). 
Thereafter, the biofilms were cultured for an additional 24 h in order to initiate and assess 
their potential recovery post exposure. 
In light of this scenario, schematised in Fig. 2.5, three time points were defined: 48 h (i.e. 
ante exposure), 72 h (i.e. post exposure) and 96 h (i.e. post recovery) respectively 
addressing control, impact and potential recovery related information. At each time point 
both the morphology and the microbial activity of the biofilms were characterised by, 
respectively, performing CLSM analysis using a live/dead staining and quantifying the 
utilisation of D-glucose (i.e. the sole carbon source). 
For the CLSM assays, 7 z-stacks were randomly registered per condition at 48, 72 and 96 h 
in all replicated experiments (up to n = 5). From a qualitative standpoint, the z-stacks were 
processed using the Leica Application Suite Advanced Fluorescence Lite (LAS AF) 
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software. From a quantitative standpoint (e.g. determination of the biofilm total biomass, 
thickness, roughness and surface area) data were analysed using Matlab software along 
with the COMSTAT program (§ 2.2.3.5.1). 
Regarding the C source utilisation, the amount of D-glucose (Glc) was quantified in both 
influent and effluent collected samples at 48, 72 and 96 h (after filtration at 0.2 µm) 
following the phenol-sulphuric acid assay based protocol described elsewhere [395]. The 
method is based on the absorbance at 490 nm of a coloured aromatic product formed by the 
stoichiometric reaction between phenol and Glc. The Glc loading is finally determined 
spectrophotometrically by comparison with a Glc based calibration curve (Appendix B, 
Fig. S2.1). The Glc removal (or utilisation, in % terms) was defined as the ratio between 
determined loadings in both types of sample for each time point. Similar analyses were 
performed in cases where alternative carbohydrate based C sources (e.g. D-fructose and D-
sucrose) were tested. 
In addition to the above, the collected samples were also used for the characterisation of 
tested NPs when applicable (§ 2.2.5). 
 
 
Fig. 2.5: Schematic of the followed scenario using the P. putida based mono-species biofilms. 
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2.2.3.4 Real wastewater based multi-species biofilms 
Samples of real crude wastewater (CW from site 3) were used for establishing multi-
species biofilms. Wastewater samples were pre-cultured in AW (supplemented with 0.05 % 
w/v of D-glucose) then used ca. 1:100 dilution for inoculating the flow-cells as mentioned 
previously (§ 2.2.3.3). 
The multi-species biofilms were cultured for 48 h then exposed to toxicants for 24 h under 
flow conditions (i.e. 3 mL h
-1
 per channel in AW). The case of Ag was here as well 
prioritised. No recovery was assessed post exposure due to a specific need of channels for 
performing additional (and destructive) analyses. More specifically, the biofilms were 
characterised at both 48 and 72 h using: CLSM (i.e. morphology and Gram+/- related 
information), DNA extraction and sequencing (i.e. composition related information) and 
quantification of D-glucose, ammonia and phosphorus removal (i.e. microbial activity 
information). The experimental design is schematised in Fig. 2.6. 
 
 
Fig. 2.6: Schematic of the experimental design used with the multi-species biofilms. 
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2.2.3.4.1 Morphology 
The CLSM analysis was performed using the Gram+/- and the extracellular matrix (i.e. Con 
A) related dyes (§ 2.2.3.2). Both simultaneous and sequential uses of the dyes were tested. 
The output data were treated as previously proposed (§ 2.2.3.3) and further detailed in § 
2.2.3.5.1. 
2.2.3.4.2 Composition 
Genomic DNA (gDNA) extraction was performed using Qiagen mini DNA extraction kits 
(based on fast spin-columns embedding DNA binding silica-gel membranes) following the 
manufacturer’s recommendations for work with Gram+ bacteria. This version of the 
protocol was recommended as including a pre-enzymatic digestion with lysozyme likely to 
help obtaining a representative extraction from complex materials such as multi-species 
biofilms. The sole modification implied the elution volumes which were reduced at 100 µL 
and used three times consecutively (per column) in order to obtain highly concentrated 
extracts. 
The extracted gDNA from the biofilms was quantified (e.g. concentration, Abs260/280 and 
Abs260/230) using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific Inc.) then 
sent for sequencing (i.e. using the 454 method on a MiSeq platform from Illumina). The 
MiSeq principle is based on the solid phase polymerase chain reaction (PCR) process and 
the “sequencing on synthesis” method as described elsewhere [396, 397]. Necessary 
storage was performed at 4 °C in the Qiagen elution buffer. No RNase treatment was 
applied. Both the sequencing and the data analysis were supported by collaborators at 
Warwick University (§ 2.2.3.5.3). 
For each sample, 15 ng DNA was used to amplify approximately 252 bp of the 16S rRNA 
gene using the 515f-806r region of the 16S rRNA gene [398] with Nextera XT Index Kit v2 
adapters (Illumina) and 50 °C annealing. The libraries were sequenced using the MiSeq 
Reagent Kit v3 600-cycle (Illumina). Following sequencing 748 144 sequences were 
assembled. Trimmomatic v0.35 was used to remove low quality bases from the sequence 
end [399]. Paired-ends reads were then assembled by aligning the forward and reverse 
reads, trimming primers and quality filtering using USEARCH and UPARSE software 
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[400, 401] (version 8.1.1861). This resulted in 409 529 paired end reads. Unique sequences 
were sorted by abundance; singletons in the data set were discarded. Sequences were 
clustered, followed by chimera filtering using the Greengene database as reference [402]. 
To obtain the number of reads of each OTU, reads were mapped back to OTUs with a 
minimum identity of 97 %. Taxonomy was assigned using Quantitative Insights into 
Microbial Ecology (QIIME 1.8) [398] and the Greengenes database [402]. To compare 
samples on an equal basis all samples were rarefied to even sampling depths of 17 000 prior 
to statistical analysis. 
2.2.3.4.3 Activity 
The Glc, ammonia (NH3-N) and phosphorus (PO4
3-
) loadings were quantified in both 
influents and effluents collected samples at 48 and 72 h (after filtration at 0.2 µm) 
following the phenol-sulphuric acid (as previously mentioned in § 2.2.3.3), salicylate 
(Hach-Lange method reference 8155 using powder pillows) and ascorbic acid (USEPA 
PhosVer 3
®
, Hach-Lange method reference 8048 using powder pillows) colorimetric based 
assays, respectively. All readings were performed using a DR1900 spectrophotometer 
(Hach-Lange). Methods for ammonia and phosphorus determination are recommended for 
water and wastewater applications and implied the use of the pre-registered calibration 
curves (within the DR1900 spectrophotometer) from the manufacturer. All the obtained 
data were treated according to the method described in § 2.2.3.5.2. 
The characterisation of Ag NPs in all collected samples was performed as described 
elsewhere (§ 2.2.5). 
2.2.3.5 Data analysis 
2.2.3.5.1 Morphology 
The COMSTAT based analysis of both mono and multi-species biofilms was performed 
from the registered CLSM z-stacks using Matlab software (R2013b, MathWorks, USA) 
following a previously reported methodology for, specifically, characterising the structure 
of biofilms [403].  
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The COMSTAT scripts are freely available and allow the determination of key descriptive 
parameters of biofilms such as the total biomass (µm
3
 µm
-2
), the thickness (µm), the 
roughness coefficient (dimensionless) and the surface area (µm
2
). Regarding the 
terminology, the total biomass (which also refers to the bio-volume of the biofilms) 
corresponds to the number of biomass pixels in all the images of a stack multiplied by the 
voxel size and divided by the substratum area of the image stack. The maximum thickness 
function locates the highest biomass pixel from the bottom layer over a given location, 
ignoring pores and voids inside the biofilm, in contrast with the mean thickness function 
which provides a measure of the global spatial size of the biofilm within a given stack. The 
roughness coefficient assesses how much the thickness of the biofilms varies and therefore 
informs about the biofilm heterogeneity. The surface area represents the summation of all 
biomass voxel surfaces exposed to the flow. 
The aforementioned parameters are impacted by the selected threshold used by the program 
to exclude or include more or less of the background pixels. In order to limit bias between 
results the same threshold was used for all the stacks from a same experiment. This 
threshold may vary across experiments though.  
In order to evaluate the relative evolution (in % terms) of each parameter between selected 
time points (defined by the scenario) per tested condition, the determined total biomass, 
thickness, roughness and surface area data were processed according to equation 2.1: 
Relative evolution = (results at y - results at x) / (results at x)      eq. 2.1 
where x, y are 48 and 72 h, or 72 and 96 h, respectively.  
In case of the Gram+/- dye, specifically, the relative ratio of both type of bacteria was 
calculated from the total biomass information (as aforementioned) but using data from both 
PMT independently. 
2.2.3.5.2 Microbial activity  
The microbial activity was herein associated with the capability of biofilms to remove (or 
utilise) particular sources available in their environment. The removal information (in % 
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terms) was calculated between influent and effluent collected samples according to 
equation 2.2 at selected time points (defined by the scenario) per tested condition. 
Removal = | (results in effluent - results in influent) / (results in influent) |     eq. 2.2 
The data related to the removal of D-glucose, D-fructose, D-sucrose, ammonia and 
phosphorus were similarly treated regardless of the study (i.e. mono-species or multi-
species biofilms). 
2.2.3.5.3 Composition 
The composition of the established CW based multi-species biofilms was determined by 
the MiSeq based NGS of the extracted gDNA ante and post exposure to the toxicants. The 
data were analysed by Dr Sally Hilton (Warwick University, UK) using a dedicated Quiime 
pipeline with the highest detailed (i.e. L6) data obtained. 
2.2.4 Biosensor based assays 
2.2.4.1 A collaborative context 
The acute toxicity testing of NPs was assessed using biosensor technologies via the pilot 
implementation of µCT and SPRi based methods with bacteria. As requiring specific 
materials and expertise, this part of the project was realised in collaboration with experts 
from each domain. The µCT based assays were performed with Dr Will Shu and co-
workers in the Institute of Biological Chemistry, Biophysics & Bioengineering at HWU. 
The SPRi based assays were operated with Dr Thierry Livache and co-workers in the 
Institute for Nanoscience and Cryogenics at CEA-Grenoble (France). Both short term 
collaborations focussed on the novel application (i.e. the NP toxicity testing on bacteria) of 
already developed techniques from the host laboratories. 
2.2.4.2 The microcantilever technology 
2.2.4.2.1 General set-up 
The microcantilever based assays were performed using static µCTs as described elsewhere 
[377] coupled with a laser based optical readout technique (§ 1.1.5.3.1). The general set-up 
is presented in Fig. 2.7 A and B.  
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The µCTs (rectangular in shape, 100 x 1000 µm in dimension, Fig. 2.7 D) were laser cut 
from polyimide sheets after being coated with chromium (5 nm) then gold (40 nm) on one 
side, as previously described [377]. The fabrication was fully supported by the host 
laboratory and the µCTs were delivered ready to use.  
For each experiment, new µCTs were manually fixed with a small nylon screw inside the 
in-house developed flow-chamber (made of PEEK, PolyEther-Ether-Ketone, known as a 
biocompatible and solvent resistant material) which was then hermetically closed by a 
transparent lid (i.e. due to a round sapphire glass embedded) pressurised onto a rubber-O-
ring seal with four external metallic screws (Fig. 2.7 C). The flow-chamber was place onto 
a Peltier device (33.4 W, ΔT of 67 °C, RS Components) for the temperature control, 
appropriately fixed onto an optical table and connected to influent and effluent containers 
via microfluidics. The laser beam (from a 5 mW laser diode, 532 nm, Thorlabs) was 
focussed on the free extremity of one µCT using a video camera (Fig. 2.7 D).  
 
 
 
 
 
 
 
 
 
Fig. 2.7: Microcantilever set-up and related materials. Are shown in A and B a schematic and a 
picture of the used system, respectively; in C the µCT holder flow-chamber and in D the actual µCTs as well 
as the laser position. 
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The reflected beam by the gold surface of the µCT (i.e. which basically acts as a mirror) 
was aligned with the centre of a position sensitive detector (PSD) and the mechanical 
bending (i.e. surface changes) was then assessed over time by monitoring the optical 
variations of the reflected signal via the PSD (§ 1.1.5.3.1).  
The whole system was controlled with an in-house developed LabVIEW program along 
with a dedicated data acquisition card and a proportional-integral-derivative (PID) 
controller which principles were detailed elsewhere [377]. The flow rate was ensured by a 
50 mL push syringe pump (Cole-Parmer) at 100 µL min
-1
. For both the user and the system 
protection, all assays were operated under a black protective box. 
2.2.4.2.2 Assays 
Assays were piloted in the host laboratory with P. putida KT2440 (non-GMB, § 2.1.1). The 
model bacterium was prepared as previously described (§ 2.2.2.2). All the assays were 
piloted in LB. A consistent temperature of 28 °C was applied during both the preparation of 
the bacterium and the assays. 
Different assays were performed: first, to confirm the response of the system to a controlled 
stress (i.e. based on variations of the temperature) without bacteria; and second, to assess 
the bacterial growth (i.e. at constant temperature) in the presence/absence of the toxicants. 
Regardless of the type of assay, the system was set-up as described above then first cleaned 
with Virkon
®
 1 % (w/v). After being washed extensively with sterile deionised water, the 
system was full up with LB and left to stabilise for 2 to 4 h at fixed temperature (e.g. 28 
°C). The laser alignment was refined at the beginning of the stabilisation period. In the 
absence of evident drifting signal over time, the experiments were then initiated.  
The impact of temperature was performed by first applying a fixed temperature over a long 
period of time and second by applying pulses of increasing temperatures over short periods 
of time. Assays with bacteria were first performed in the absence of toxicant by the 
injection within the system of freshly prepared bacterial suspension at 10
7
 CFU mL
-1
. After 
incubation for 1 h without flow (i.e. similarly to the methodology used for the biofilm 
based assays), the culture was performed and monitored for up to 16 h (overnight) under 
constant flow and temperature conditions. Assays in the presence of toxicants were 
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similarly designed except the bacterial suspension was appropriately mixed with a selected 
concentration of NPs before injection. Due to the system configuration, only one 
concentration could be tested at a time. 
2.2.4.3 The surface plasmon resonance imaging technology 
2.2.4.3.1 General set-up 
The SPRi based assays were performed using a SPRi PlexII apparatus (Horiba Scientific, 
Fig. 2.8 A) in a Kretschmann configuration as previously described [381] (§ 1.1.5.3.2). 
Pictures of the SPRi system are shown in Fig. 2.8 A and B.  
 
 
 
 
 
 
 
 
Fig. 2.8: Surface plasmon resonance imaging set-up and related materials. Are shown above: in 
A the commercial apparatus used, in B the apparatus core housed in a temperature controlled incubator, in C 
the house-developed electrochemical based spotter used for the prism functionalisation process, in D 
examples of PEEK chamber and related silicon seals used alongside a typical gold coated prism which is also 
presented in E once spotted (i.e. a random array pattern is shown). 
 
High reflexion index glass prisms (n = 1.717 at λ = 633 nm), coated with chromium (5 nm) 
then gold (40 nm) were purchased from Horiba Scientific and used as support (Fig. 2.8 D 
and E). The gold surface of the prisms was grafted with bespoke series of spots embedding 
the probes of interest (i.e. bacterial strain specific antibodies as well as negative control 
 
                     24 mm 
A.                                               C.                                       D. 
 
 
 
 
    E. 
 
 
 
B. 
1. Temperature controlled incubator 
2. Polarised light source 
3. Mirror (at selected working angle) 
4. Prism - seal - PEEK chamber “sandwich” (i.e. biochip) 
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5. 
4. 
3. 2. 
1. 
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antibodies). For functionalisation purposes, the antibodies were first pyrrolylated following 
the procedure reported elsewhere [381, 404]. Pyrrolylated-antibodies were then 
immobilised as spots (ca. 500 µm in diameter with a pitch of 1 mm in both x and y axes) 
onto the prism gold surface by electrochemical directed pyrrole based polymerisation using 
a dedicated spotter (Fig. 2.8 C) following a method previously described [404]. The used 
spot template (i.e. including the type of used antibodies) was variable and defined by the 
experimental needs (and materials such as the PEEK chamber considered).  
Both two and four chamber based assays were performed using corresponding in-house 
designed chambers (Fig. 2.8 D) positioned on top of the accordingly functionalised prisms. 
Dedicated seals were used between the prism and the PEEK to support the pressure later 
applied on the constituted “sandwich” (i.e. defined as the functionalised prism with seal and 
PEEK chamber, hereafter referred to as biochip) in order to form the final working 
chambers. The biochip was positioned inside the apparatus following manufacturer’s 
recommendations. Sterile adhesive breathe seal was used to close the top of the biochip. 
The apparatus itself was placed in a temperature controlled incubator set appropriately to 
the used bacterium. 
A charge coupled device (CCD) camera aligned with a polarised light source was used to 
monitor the local evolutions in reflectivity due to occurring modifications of the surface 
resonance conditions in response to “weight” changes within each spots (i.e. because of the 
probe-target interactions) over the whole surface of the biochip (Fig. 2.8 B).  
The system was used in a static mode (i.e. without flow). The system supports the analysis 
of one biochip at a time. Both the seals and the prisms were originally sterile and 
disposable. The PEEK chambers were re-usable after extensive cleaning via two 
consecutive cycles of disinfection (with Phargogermyl from Dutcher then high concentrated 
sodium hypochlorite solution) and washing (with milliQ water). 
2.2.4.3.2 Assays 
Assays were piloted in the host laboratory with P. putida KT2440 (non-GMB, § 2.1.1). 
Both Ab38825 (polyclonal, specific for P. putida) and Ab68538 (polyclonal, specific for P. 
aeruginosa with known cross reaction for P. putida) antibodies (from Abcam) were tested. 
Chapter 2: Material and Methods 
58 
 
A temperature of 28 °C was applied during both the preparation of the bacterium and the 
realisation of the assays.  
Additional bacteria, already validated for use with SPRi by the host laboratory, were also 
considered on site: S. Enteritidis and S. epidermidis (§ 2.1.1) in combination with the 
antibodies SE103 (monoclonal, specific for S. Enteritidis, kindly provided by Dr H. 
Volland, CEA-Saclay, France) and KPL (polyclonal, specific for S. aureus with known 
cross reaction for S. epidermidis, from KPL reference 01-90-05), respectively. A 
temperature of 37 °C was applied during both the preparation of the bacteria and the 
realisation of the assays. As previously proposed [381], the keyhole limpet hemocyanin 
(KLH) monoclonal antibody (kindly sourced by Dr L. Bellanger, CEA-Marcoule, France) 
was used as a negative control.  
Prior to the inoculation of the SPRi system, the bacteria were pre-cultured overnight as 
previously described (§ 2.2.2.2) then freshly prepared ca. 10
5
 CFU mL
-1
 before being 
mixed with the toxicants [381]. As metal NPs may exhibit optical properties (e.g. 
absorbance and SPR signal) potentially interfering with the analysis, both metal (e.g. Ag, 
ZnO and TiO2 NPs and related ions when applicable) and non-metal (e.g. polystyrene NPs) 
based antimicrobial toxicants were tested (§ 2.1.2). The tested concentrations of used 
toxicants are summarised in Table 2.4.  
 
Table 2.4: Summary of the used concentrations of tested toxicants using SPRi. 
Product Concentration (mg L
-1
) 
Ag NM-300K NPs (Ag ions) up to 50 (up to 10) 
ZnO NM-110 NPs (Zn ions) up to 200 (up to 100) 
TiO2 NM-104 NPs up to 200 
Polystyrene NPs up to 10 
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The prisms were prepared the day of their use (or the day before) and stored in sterile PBS 
at 4 °C until utilisation. Precautions were taken to never dry the surface of the 
functionalised prisms in order to preserve the structure and function of the grafted 
antibodies. 
The assembled biochip positioned inside the apparatus, all the chambers were emptied 
(from PBS) then immediately inoculated with 200 µL of bacteria-toxicants mixture. The 
experimental settings were performed (e.g. spot definition, plasmon curves registration and 
working angle selection) in a ca. 20 min time window following inoculation. The 
monitoring was then initiated and operated up to ca. 16 h (in the obscurity and at controlled 
temperature). All the assays were piloted entirely in LB.  
2.2.4.4 Data analysis 
Regarding the µCT based assays, the output data were proposed by default, and here 
presented, as the variation of the PSD potential (in mV) over time. 
For the SPRi based assays, the generated data were proposed by default as the variation of 
the reflectivity over time (hereafter referred to as ΔR, in % terms) when compared to the 
original image of reference for all the spots defined. As being a classical way of 
representing the SPRi data this format was conserved. For additional comparative purposes 
the detection times (TD, in h terms) of the apparent growth curves were determined using 
Prism software (GraphPad) via the peak of the derivative curves as reported elsewhere 
[386]. Generation times (TG, in min terms) were derived from the linear part of exponential 
based bacterial growth plots additionally obtained using a classical plating method. 
2.2.5 Nanoparticle characterisation 
2.2.5.1 A bespoke approach 
The hydrodynamic size (z-average), zeta potential, polydispersity index (PdI), UV-Visible 
spectrum, concentration and dissolution rate of used NPs were characterised by combined 
UV-Visible (UV-Vis), Dynamic Light Scattering (DLS) and Atomic Absorption 
Spectroscopy (AAS) based methods in the media of exposure when applicable. Bespoke 
analyses were performed depending on the aim addressed and varying across the toxicity 
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assays performed as well as the scenarios of exposure applied. The following information 
will therefore focus on the general principle and realisation of the used techniques 
regardless of the time point or the context of their application. 
2.2.5.2 UV-Visible spectroscopy 
The UV-Vis assays were conducted in clear disposable cuvettes (semi micro 1.5 mL, 
Kartell) using an Evolution 600 spectrophotometer (Thermo Fisher Scientific) between 300 
and 800 nm in a scan mode with measures taken every 1 nm at a speed of 240 nm min
-1
. 
2.2.5.3 Dynamic Light Scattering 
The DLS assays were operated in dedicated clear disposable capillary cuvettes (DTS1070, 
bearing electrodes) using a Nano Zetasizer (Malvern, compatible with both z-average and 
zeta potential determination) equipped with a 633 nm laser set at a scattering angle of 173°. 
The z-average measurements were performed prior to the zeta potential ones. Four 
replicates were registered per measurement. All the analyses were performed at 20 °C. All 
the experiments were performed using the Zetasizer software (Malvern) and so were the 
data processed. An example of DLS output results is shown in Appendix B (Fig. S2.2). 
2.2.5.4 Atomic Absorption Spectroscopy 
The AAS assays were conducted with an AAnalyst 200 Spectrometer (Perkin Elmer) 
equipped with an air/acetylene burner head (i.e. flame) after calibration with pure single 
element standards at concentrations of 0.156, 0.312, 0.625, 1.25, 2.5 and 5 mg L
-1
 
following manufacturer’s instructions. Ag and Zn elements were considered, using 
dedicated lamps specific to each element (Lumina Hollow Cathode, diameter 50 mm). An 
example of calibration curve for Ag is shown in Appendix B (Fig. S2.3). The apparatus was not 
equipped for analysing Ti (i.e. using an acetylene/nitrous oxide burner head).   
The dissolution rates were evaluated via the quantification of the released ion concentration 
from the NPs. The suspensions of NPs were pelleted by ultracentrifugation (Avanti 
Centrifuge J-26XP, Beckman Coulter) at 4 °C in 15 mL open-top polycarbonate tubes at 20 
000 rpm (ca. 50 000 x g, JA-25.15 rotor, Beckman Coulter) for 30 min as described 
elsewhere [38, 199]. An example of obtained pellets with the Ag NPs is shown in Appendix 
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B (Fig. S2.4). Half of the supernatants were carefully collected and used for AAS analysis. 
Dissolution rates were calculated as ratios (in % terms) between the AAS measured 
concentration of released element from the NPs and the original prepared concentration of 
NPs. 
2.2.6 Statistical analysis 
The statistical means used herein are noted along with the corresponding figures. All the 
analyses were performed using Prism software (GraphPad). 
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CHAPTER 3: Results - Planktonic based assays 
Since the widespread application of products of nanotechnology the general knowledge 
about the toxicity of various NPs to a range of environmental model microorganisms has 
grown dramatically (§ 1.1.2 and 1.1.4) although specific knowledge relating to NP fate in 
different environments, and related exposure and hazard, are still missing. As reported in 
the literature [33, 72, 405] and stressed in the introduction (§ 1.1.2.2 and 1.1.2.3), the 
current assessment of NP toxicity in real matrices such as wastewaters remains limited in 
part due to a lack of suitable methodologies for testing [75]. The use of bacteria as 
environmental bioreporters has shown to be a suitable approach in ecotoxicology for 
applications with real matrices (§ 1.1.3.2). The development of bespoke genetically 
modified bioreporters (GMB) using environmentally relevant model bacteria (e.g. P. putida 
and B. subtilis), directly extracted from matrices of interest [90], extends the scope of 
possibilities already demonstrated by numerous Escherichia coli based GMB reports [84]. 
However, the use of, specifically, bespoke GMB remains scarce for NP testing (§ 1.1.4.2.2 
and 1.1.5.1) and examples of applications using real matrices are not reported yet. There are 
therefore underexploited avenues using bacterial GMB in nanoecotoxicology [406]. 
Consequently here, the potential workability of P. putida BS566 lux (originally isolated 
from wastewaters) as planktonic switch-off GMB is investigated in different media. 
Intrinsically high throughput and easy to standardise, the microtiter plate format is used. 
Firstly, the acute toxicity of widely used Ag, ZnO, CuO and TiO2 inorganic NPs in 
undefined rich (Luria Bertani, LB) and defined minimal (Artificial Wastewater, AW) 
laboratory growth media is assessed; questioning rankings of toxicity to P. putida BS566 
lux and potential impacts of different laboratory matrices of exposure. Secondly, the 
comparative study using crude and final real wastewater samples (CWs and FWs, 
respectively, collected from four different WWTPs then spiked with NPs) as matrices of 
exposure is reported; in which the overall workability of the method in such complex 
matrices as well as the potential impacts of both the wastewater type and the site of 
sampling are investigated. In addition, a pilot study assessing the impact of ageing on NP 
toxicity in AW, CW and FW is finally reported. 
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3.1 Pristine NPs in laboratory matrices 
3.1.1 Screening of toxicity 
Light output evolutions over time by the P. putida BS566 lux bioreporter when exposed to 
a range of concentrations of Ag, ZnO, CuO and TiO2 NPs (from 0 to 200 mg L
-1
) in LB or 
in AW are shown in Fig. 3.1. The derived IC50 values are presented in Table 3.1. 
Ag NPs exhibited dose dependent toxicity from 0 h (i.e. this corresponds to the first 
measure registered in a 5 min time window after exposure of the bacterial bioreporters to 
the NPs) between 12.5 and 200 mg L
-1
 in LB (Fig. 3.1 A, blue curve). At 1 h, the toxicity 
was displayed at lower concentrations (i.e. below 12.5 mg L
-1
) (Fig. 3.1 C). Consistent 
results were then observed at 2 h (Fig. 3.1 E). Similar results were obtained overall with Ag 
NPs in AW (Fig. 3.1 B, D and F).  
Based on the derived IC50 values (Table 3.1), there was no significant difference in toxicity 
between 15 min and 2 h of exposure in either medium. In addition, no cellular recovery 
phenomenon over time was observed (i.e. emitted luminescence due to regrowth of the 
bacterial bioreporter population). As the tested Ag NPs were supplied in suspension with a 
dispersant (Table 2.1), the potential impact of the sole dispersant was tested; no related 
toxic effects to P. putida BS566 lux were observed (Appendix C, Fig. S3.1). 
In summary, toxic effects of Ag NPs were found to be similar in LB and AW and were 
characterised by IC50 values at 1 h of 3.8 ± 0.1 mg L
-1
 and 5 ± 0.7 mg L
-1
, respectively. 
Comparatively, the toxicity of Ag ions (applied as AgNO3) in both LB and AW is shown in 
Fig. 3.2 (blue curves). Corresponding IC50 values of 0.39 ± 0.05 mg L
-1
 and 0.36 ± 0.03 mg 
L
-1
 were derived at 1 h in LB and AW, respectively. 
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Fig. 3.1: Toxicity of Ag, ZnO, CuO and TiO2 NPs on P. putida BS566 lux in LB and AW. The 
relative luminescence output evolutions by the bacterial bioreporter when challenged with 0 - 200 mg L
-1
 of 
Ag (blue circles), ZnO (red squares), CuO (purple inverted triangles) and TiO2 (green triangles) NPs in Luria-
Bertani (A, C and E) or in Artificial Wastewater (B, D and F) for selected time points (0, 1 and 2 h, 
respectively) are presented. Data are mean ± SEM (n = 3). 
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The relative luminescence evolution patterns following the exposure to Zn (Fig. 3.1, red 
curves) showed overall lower toxicity over time than was obtained for Ag. More 
specifically, ZnO NPs showed transient toxicity on P. putida BS566 lux in LB (i.e. due to 
bacterial recovery), characterised by IC50 values evolving from 58.8 ± 6.1 mg L
-1
 to 100.4 ± 
2.3 mg L
-1
 for the first hour of exposure (Table 3.1). No IC50 could be derived at 2 h. ZnO 
NPs were therefore as toxic as Ag NPs at the first time point (0 h) in LB before the toxicity 
patterns diverged. In AW, no toxicity was monitorable, so no IC50 could be derived.  
Consequently, toxic effects of tested ZnO NPs occurred exclusively and transiently in LB 
for the first hour of exposure along with cellular recovery over time as suggested by the 
relative luminescence reduction plots (Fig. 3.1, red curves) and supported by the derived 
IC50 values (Table 3.1). Comparatively, IC50 values for Zn ions (applied as ZnSO4, Fig. 3.2, 
red curves) evolved from 46.9 ± 6.6 mg L
-1
 to 73.3 ± 8.3 mg L
-1
 in LB during the first hour 
of exposure and were not derived in AW as no toxicity was observed. 
 
Table 3.1: Calculated IC50 on P. putida BS566 lux in LB and AW. 
  
IC50 (mg L
-1
) 
0 min 15 min 30 min 60 min 90 min 120 min 
Ag  
NPs 
LB 
62.8 
(±16.2)
c
 
9.3 (±1.3)
ab 
4.8 (±0.3)
a
 3.8 (±0.1)
a
 4.0 (±0.1)
a
 
4.0 
(±0.2)
a
 
AW 
32.0 
(±4.9)
c 13.8 (±1.5)
b
 6.4 (±0.4)
a
 5.0 (±0.7)
a
 4.4 (±0.9)
a
 
4.0 
(±0.8)
a
 
ZnO  
NPs 
LB 
58.8 
(±6.1)
c
 
79.8 (±1.3)
abc
 88.5 (±1.3)
abc
 
100.4 
(±2.3)
abc
 
100.4 
(±0.3)
ac
 
ND
ab 
AW ND
c 
Data are mean ± SEM (n = 3). 
ND - IC50 were not calculated due to non-observed toxicity (considered higher than 200 mg L
-1
). 
Statistical significant differences between results were tested via two-way ANOVA followed by Tukey test. 
a
 Significantly different from the first time point (p < 0.001) 
b
 Significantly different from the previous time point (p < 0.05)  
c
 Significantly different from the other matrix (p < 0.001) 
 
 
Chapter 3: Results - Planktonic based assays 
66 
 
Regardless of the medium of exposure, testing at concentration up to 200 mg L
-1
 resulted in 
no detectable toxicity over time for both CuO NPs (Fig. 3.1, purple curves) and TiO2 NPs 
(Fig. 3.1, green curves). In the Cu case, no toxicity was observed either using the related 
ions, CuCl2 (Fig. 3.2, purple curves) or CuSO4 (data not shown). Due to absence of 
detected toxicity, no IC50 could be derived. 
 
Fig. 3.2: Toxicity of Ag, Zn and Cu ions on P. putida BS566 lux in LB and AW. The relative 
luminescence output evolutions by the bacterial bioreporter when challenged with 0 - 25 mg L
-1
 of Ag ions 
(AgNO3, blue circles), 0 - 200 mg L
-1
 of Zn ions (ZnSO4, red squares) and 0 - 200 mg L
-1
 Cu ions (CuCl2, 
purple inverted triangles) in Luria-Bertani (A) or in Artificial Wastewater (B) for the selected time point of 1 
h are presented. Data are mean ± SEM (n = 3). 
 
3.1.2 Characterisation of NPs  
Pristine (i.e. non-aged) nanoparticles were characterised in both LB and AW by UV-vis 
(Fig. 3.3), DLS (Fig. 3.4) and AAS (Fig. 3.5) when applicable.  
As presented in Fig. 3.3 A, Ag NPs showed characteristic and comparable UV-vis spectra 
with a unique and narrow peak in both media. Peak positions were observed at 413.6 ± 0.6 
nm and 415.2 ± 0.3 nm with absorbance intensities of 1.06 ± 0.04 a.u. and 0.89 ± 0.02 a.u. 
in AW and LB, respectively. DLS data showed mean hydrodynamic sizes of 140 ± 7 nm in 
LB and 40 ± 1 nm in AW, which were not found to be significantly different; and zeta 
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potentials of -16.6 ± 0.5 mV and -5.1 ± 0.2 mV in LB and AW which were found 
significantly different between media (Fig. 3.4). PDI of the Ag NP suspensions were 
consistently measured below 0.5 regardless of the medium. AAS analyses indicated low 
and time independent dissolution rates of used Ag NPs close to 4 % in LB and to 2 % in 
AW, which were not found to be significantly different (Fig. 3.5 A). Consequently, pristine 
Ag NPs showed better stabilisation in LB (higher absolute zeta potential and bigger z-
average) than in AW but comparable behaviours overall in terms of polydispersity (DLS), 
agglomeration (UV-vis) and dissolution (AAS). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3: Ag, ZnO, TiO2 and CuO NP characterisation by UV-visible spectrophotometry in LB 
and AW. The specific absorption spectra (from 300 to 800 nm) of: 10 mg L-1 Ag NPs (A), 200 mg L-1 ZnO 
NPs (B), 10 mg L
-1
 TiO2 NPs (C) and 200 mg L
-1
 CuO NPs in both used media (˗ Luria-Bertani and -- 
Artificial Wastewater, respectively) are shown. Spectra are representative examples of obtained results in 
replicated experiments. 
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As shown in Fig. 3.3 B, ZnO NPs exhibited characteristic (one peak close to 380 nm 
followed by a long tail) but non-comparable UV-vis spectra between matrices. Peak 
positions were observed at 374.8 ± 0.3 nm and 385.4 ± 4.5 nm with absorbance intensities 
of 2.0 ± 0.3 a.u. and 0.78 ± 0.8 a.u. in LB and AW, respectively. Significantly different 
mean hydrodynamic sizes (177 ± 4 nm in LB and 1537 ± 265 nm in AW) and zeta 
potentials (-12.2 ± 0.5 mV in LB and -28.2 ±1 mV in AW) were observed between media 
(Fig. 3.4). PDI of the ZnO NP suspensions were consistently measured ca. 0.6 regardless of 
the medium. AAS analyses indicated medium dependent and time independent dissolution 
rates of tested ZnO NPs close to 40 % in LB and to 2.5 % in AW (Fig. 3.5 B). 
Consequently, ZnO NPs exhibited non-comparable behaviours in LB and AW attesting 
overall to high aggregation/agglomeration and low dissociation in AW compared to LB. 
Fig. 3.4: NP characterisation by DLS in LB and AW. The mean hydrodynamic size (z-average) and 
the zeta potential values of 10 mg L
-1
 Ag, ZnO, CuO and TiO2 NPs in both media (Luria-Bertani and 
Artificial Wastewater) are presented. Data are mean ± SEM (n = 3). Statistical significant differences between 
results were tested via two-way ANOVA followed by Tukey test and reported in the text. 
 
As shown in Fig. 3.3 C, TiO2 NPs exhibited similar UV-vis spectra between media. Peak 
positions were observed at 325.1 ± 5.2 nm and 340.5 ± 6.8 nm with absorbance intensities 
of 0.38 ± 0.03 a.u. and 0.29 ± 0.02 a.u. in LB and AW, respectively. DLS data showed 
significantly different mean hydrodynamic sizes (244 ± 8 nm in LB and 677 ± 11 nm in 
AW) and comparable zeta potentials (-26.3 ± 0.6 mV in LB and -26.4 ± 1 mV in AW) 
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between media (Fig. 3.4). PDI of the TiO2 NP suspensions were consistently measured ca. 
0.3 regardless of the medium. No dissolution studies were carried out with TiO2 NPs since 
it was not considered relevant (i.e. first TiO2 NPs are essentially non-soluble in aqueous 
media and second the tested TiO2 NPs did not exhibit detectable toxicity in our assays). 
Consequently, TiO2 NPs showed non-comparable behaviours in LB and AW attesting 
especially to more aggregation in AW compared to LB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5: Ag and ZnO NP characterisation by AAS in LB and AW. Dissolution rates (in mass % 
terms) of 50 mg L
-1
 Ag NPs (A) and 200 mg L
-1
 ZnO NPs (B) in Luria-Bertani and Artificial Wastewater after 
0 or 1 h of incubation are presented. Mean R
2
 ± standard error obtained for AAS instrument calibration 
between 0.156 mg L
-1
 and 5 mg L
-1
 were 0.9998 ± 0.0001, 0.9880 ± 0.0010 for Ag and Zn standard elements, 
respectively. Data are mean ± SEM (n = 3). Significantly different at ****p < 0.0001 via two-way ANOVA 
followed by Tukey test. 
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A shown in Fig. 3.3 D, no characteristic spectrum was obtained for the tested CuO NPs up 
to 200 mg L
-1
 neither in LB nor in AW. Different mean hydrodynamic sizes (545.8 ± 119.1 
nm in LB and 1067 ± 123.8 nm in AW) and zeta potentials (-14.8 ± 0.9 mV in LB and -
20.7 ± 0.4 mV in AW) were observed between media (Fig. 3.4). PDI of the CuO NP 
suspensions were reported ca. 0.66 in both media. In the absence of evident toxicity of both 
the CuO NPs and the related ions, the dissolution rate of the NPs was not investigated. 
From a characterisation viewpoint, pristine CuO NPs have therefore been shown to 
aggregate more in AW than in LB. 
3.2 Pristine NPs in real matrices 
In the absence of toxicity of ZnO, CuO and TiO2 NPs in AW, assays in real crude and final 
wastewaters (CWs and FWs) were prioritised with Ag NPs. 
3.2.1 Screening of toxicity 
Light output evolutions over time by the P. putida BS566 lux bioreporter when exposed to 
a range of concentrations of Ag NPs spiked in real CW and FW samples (i.e. from site 2) 
are shown in Fig. 3.6.  
A dose-response toxicity pattern characterised by a decrease in the signal output with 
increasing concentrations of Ag NPs (up to 200 mg L
-1
) was observed in both CW2 and 
FW2 samples. Greatest variability between replicated experiments occurred ca. 12.5 mg L
-1
 
of Ag NPs in CW2 and between 3.125 mg L
-1
 and 6.25 mg L
-1
 in FW2, lower doses being 
not toxic and higher doses being lethal at 1 h, respectively (Appendix C, Fig. S3.2). 
Regarding the assays performed with samples from the other sites, similar dose-response 
toxicity patterns were obtained overall (Appendix C, Fig. S3.2 to S3.5). Crude samples, 
especially CW1 and CW4, showed the highest variability amongst experiments in terms of 
toxicity. 
In summary, Ag NPs were more toxic in FW than in CW samples. Results with the Ag 
NM-300K dispersant did not indicate any toxic effect to the P. putida BS566 lux 
bioreporter in the real matrices (Fig. 3.6). No background noise (i.e. luminescence) was 
registered from the wastewater samples in the absence of the luminescent bacterial 
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bioreporter (Fig. 3.6). In no case did the NP addition result in increased output signals, 
regardless of the presence or absence of the bacterial bioreporter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6: Comparative toxicity of Ag NPs on P. putida BS566 lux in real wastewaters. Relative 
luminescence output evolutions over time by the bacterial bioreporter when challenged up to 200 mg L
-1
 of 
Ag NPs in crude (A) and final (B) wastewaters from site 2 are shown. Four out of the nine used NP 
concentrations are plotted for better clarity (from 6.25 to 50 mg L
-1
 in A and from 3.125 to 25 mg L
-1
 in B); 
the entire graphics as well as results with samples from other sites are presented in Appendix C (Fig. S3.2 to 
S3.5). Background signal from used media and effect of Ag NP dispersant (at 50 mg L
-1
) are also presented. 
Data are mean ± SEM (n = 4). 
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Fig. 3.7: Derived IC50 values in real wastewaters. Toxicity results from light output reductions by P. 
putida BS566 lux when exposed to Ag NPs in crude and final wastewaters (CWs and FWs, respectively) from 
four different wastewater treatment plants (site 1 to 4) were plotted as (response) = f(log[Ag NPs]) for 
selected time points and IC50 values were derived by fitting a four parameter dose-response model. Graphic A 
shows an example of (response) = f(log[Ag NPs]) treated information and obtained fits for one test with 
wastewaters from site 2 (including four replicates per condition). Average R
2
 from fits for all derived IC50 
values is 0.9960 ± 0.0036 (mean ± SD). Graphic B shows the comparison of calculated IC50 values at 1 h. 
Data are mean ± SEM (n = 4), significantly different by unpaired t-test with p < 0.1 (*) or p < 0.05 (**). 
Derived IC50 at 0.5 and 2 h are presented in Appendix C (Fig. S3.6). 
 
An example of generated fit curves for both types of wastewaters along with the derived 
IC50 values at 1 h is presented in Fig. 3.7. As shown in Fig. 3.7 A, all proposed data were 
derived from good fits considering nine different doses per experiment and exhibiting a 
mean R
2
 of 0.9960 ± 0.0036 amongst all treated data. 
S ite  1 S ite  2 S ite  3 S ite  4
4
8
1 6
3 2
6 4
1 2 8
D
e
ri
v
e
d
 I
C
5
0
 a
t 
1
 h
 (
m
g
 L
-1
)
in  C W s in  F W s
*                * *              *                 *
0 1 2 3
0
5 0
1 0 0
F it c u rv e  in  C W 2
( R
2
 =  0 .9 9 9 4 )
F it c u rv e  in  F W 2
( R
2
 =  0 .9 9 7 1 )
L o g [A g  N P s]  (m g  L
-1
)
R
e
la
ti
v
e
 r
e
s
p
o
n
s
e
 f
r
o
m
lu
m
in
e
s
c
e
n
t 
b
io
r
e
p
o
r
te
r
 (
%
)
A .
B .
Chapter 3: Results - Planktonic based assays 
73 
 
IC50 values of 7.4 ± 0.6 mg L
-1
, 7.9 ± 1 mg L
-1
, 9.3 ± 1 mg L
-1
 and 6.3 ± 0.5 mg L
-1
 were 
calculated in FWs for sites 1 to 4, respectively, and were not found to be significantly 
different (Fig. 3.7 B). The mean relative standard error (RSE) of all derived IC50 was 
inferior to 10 %.  
In CWs, mean RSE was close to 30 % and the IC50 values derived between 23.1 ± 5.4 mg 
L
-1
 and 34 ± 12.5 mg L
-1
 without being significantly different between sites either (Fig. 3.7 
B). However, Ag NPs were found in all cases to have significantly lower toxicity in CWs 
than FWs. Comparable patterns were obtained at 0.5 h and 2 h time points (Appendix C, 
Fig. S3.6). 
3.2.2 Characterisation of wastewaters 
A comprehensive list of physico-chemical characteristic parameters including BOD, COD, 
BOD/COD ratio, TSS, pH, ammonia, chloride, sulphide and silver original loadings was 
considered alongside toxicity. Total plate counts were also used as a basic indicator of the 
indigenous bacterial population size. Data for all used CW and FW samples from the 
different sites are presented in Table 3.2.  
CWs showed significantly higher BOD/COD ratios (from 0.4 to 0.46) than FWs (inferior to 
0.18 for FW1, 2 and 3 and close to 0.28 for FW3) attesting to their respective high and low 
biodegradability. The concentration of TSS was generally found to be at least ten times 
higher in CWs than in FWs, although rather consistent between sites, as similarly observed 
for the ammonia load, except for FW samples from site 3. Per site, the pH was similar 
between samples (between 6.5 and 7), except for samples from site 3 which exhibited one 
unit of pH difference between CWs (at 6.45 ± 0.09) and FWs (at 7.56 ± 0.06). In all cases 
the original amount of silver was found below the lower detection limit of the AAS 
apparatus (< 0.1 mg L
-1
). The total plate counts showed there were about 10
3
 - 10
4
 CFU 
mL
-1
 in FWs and 10
6
 - 10
7
 CFU mL
-1
 in CWs, regardless of the site.  
Comparatively to the other WWTPs, site 3 had a significantly higher amount of chloride 
and sulphide for CWs and significantly higher amount of chloride, ammonia as well as 
higher BOD/COD ratio in addition to different pH readings for FWs. Samples from sites 1, 
2 and 4 appeared generally comparable. 
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3.2.3 Multivariate analysis 
Results from the multivariate analysis carried out with the aforementioned environmental 
parameters characterising the used wastewaters constrained with the derived IC50 values at 
1 h are presented in Fig. 3.8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8: Multivariate analysis. The ordination diagram of used thirty two wastewater samples (crude or 
final samples, CW or FW, respectively) from four different WWTPs (site 1 in blue, site 2 in red, site 3 in 
orange and site 4 in green) by canonical correlation analysis considering height biochemical parameters 
(BOD, COD, TSS, ammonia, pH, chloride, sulphide and total plate count) as environmental variables 
constrained with one explanatory variable (the derived IC50 values at 1 h) is presented above. 
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Table 3.2: Physico-chemical and microbiological parameters of used wastewaters. Data are mean ± SEM (n = 4) before spiking with NPs. 
 
Site 1 Site 2 Site 3 Site 4 
 
Crude Final Crude Final Crude Final Crude Final 
BOD (mg L
-1
) 181 ± 13.7 
a
 ≤ 3 163.7 ± 11.7 a ≤ 3 166.4 ± 25.7 a 16.8 ± 3.2 b 133 ± 23.6 a ≤ 3 
COD (mg L
-1
) 393.4 ± 30.9 
a
 23.8 ± 3.1 407.2 ± 40.2 
a
 22 ± 2.7 402.8 ± 51.3 
a
 58.2 ± 4.9 
b
 342.5 ± 70.5 
a
 18.2 ± 1.1 
BOD/COD ratio 0.46 ± 0.03 
a
 ≤ 0.15 0.41 ± 0.03 a ≤ 0.16 0.41 ± 0.01 a 0.28 ± 0.03 b 0.40 ± 0.02 a ≤ 0.18 
TSS (mg L
-1
) 203.6 ± 23.9 
a
 ≤ 10 235.8 ± 31.3 N/A 224.2 ± 29.4 a 28.2 ± 2.7 179.7 ± 57.9 N/A 
Ammonia (mg L
-1
) 15.8 ± 1.1 
a
 0.63 ± 0.19 17.5 ± 1.6 
a
 0.43 ± 0.14 18 ± 2.2 20.5 ± 2.6 
b
 32.6 ± 10.5 
a
 0.125 ± 0.075 
pH 6.8 ± 0.16 7 ± 0.08 6.59 ± 0.26 6.50 ±  0.2 6.45 ± 0.09 
a
 7.56 ± 0.06 
b
 7.12 ± 0.04 6.94 ± 0.12 
Total plate count 
(CFU mL
-1
) 
9.2 ± 5.2 x 10
6 a
 1.1 ± 0.7 x 10
4
 1.5 ± 0.3 x 10
6 a
 3.3 ± 1.3 x 10
3
 4.1 ± 0.4 x 10
6 a
 7.83 ± 1.9 x 10
3
 6.4 ± 2.8 x 10
6
 1.4 ±  0.9 x 10
4
 
Ag (mg L
-1
) < 0.1 
c
 < 0.1 
c
 < 0.1 
c
 < 0.1 
c
 < 0.1 
c
 < 0.1 
c
 < 0.1 
c
 < 0.1 
c
 
Chloride (mg L
-1
) 119.6 ± 21.3 71.6 ± 12.9 95.8 ± 7.81 
a
 47.5 ± 1.65 253.9 ± 37.9 
a,
 
b
 148.2 ± 29.8 
b
 79 ± 8.2 
a
 50.5 ± 1.7 
Sulphide (mg L
-1
) 0.166 ± 0.03 
a
 < 0.010 0.362 ± 0.088 
a
 < 0.010 3.681 ± 1.2 
a, b
 < 0.010 0.272 ± 0.09 
a
 < 0.010 
N/A corresponds to incomplete series of data. 
Symbols < indicate that parameter was consistently below the lower detection limit of the method or of the apparatus. 
a
 Data are significantly different between crude and final samples for the considered site (unpaired t-test, p < 0.05). 
b
 Considered information is significantly different to results with the same type of samples (Crude or Final) from all other sites (unpaired t-test, p < 0.05). 
c
 Tested with acidification (in 5 % v/v final nitric acid) and without acidification.  
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Overall 72.4 % of the total variability was addressed by a two-way representation. Samples 
were separated in two groups (FWs and CWs) along axis 1 by mainly the BOD, COD and 
TSS parameters which were highly related. In addition, sulphide, chloride, total plate count 
and ammonia information supported this separation along both axes 1 and 2; these were 
also closely related.  
The highest variability was associated with the CWs as they were represented as generally 
more spread out than the FWs. Both FW3 and CW3 samples occurred isolated from the 
other FWs and CWs, respectively, and were mainly characterised by different sulphide, 
chloride and pH related data as previously mentioned. The analysis with derived IC50 at 0.5 
h or 2 h led to comparable results as global toxicity patterns were similar at those time 
points (data not shown). 
3.2.4 Characterisation of NPs 
Ag NPs were characterised in wastewaters by DLS and UV-vis. Corresponding 
hydrodynamic sizes, zeta potentials and absorbance spectra are presented in Fig. 3.9.  
Ag NPs showed consistent hydrodynamic sizes and zeta potentials in FWs between 53 ± 
2.1 nm and 58.7 ± 2.7 nm and between -16.6 ± 1.1 mV and -19.7 ± 0.5 mV, respectively. In 
CWs consistent zeta potentials were obtained between -20.9 ± 0.9 mV and -23.5 ± 1.1 mV, 
but variable hydrodynamic sizes between 71.3 ± 2.1 nm and 233.3 ± 16.9 nm were 
measured. Hydrodynamic size and zeta potential were both found significantly different 
between FWs and CWs, regardless of the site. Registered spectra of absorbance were found 
similar between all samples and characterised by a single peak at 413.2 ± 0.8 nm in FWs 
and at 413.5 ± 1 nm in CWs for an average absorbance of 1.39 ± 0.12 a.u. and 1.40 ± 0.2 
a.u. respectively, attesting to the consistent and comparable non-aggregated status and 
nano-size range of all freshly prepared and used Ag NP suspensions. Comparable low 
dissolution rates ca. 3 % were equally obtained in both CWs and FWs. 
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Fig. 3.9: Ag NP characterisation in real wastewaters. Ag NPs at 10 mg L-1 in crude and final 
wastewaters (CWs and FWs) were characterised by DLS and UV-vis. Graphics A and B show the 
hydrodynamic size and the zeta potential information, respectively. Data are mean ± SD, significantly 
different by unpaired t-test with p < 0.05 (**). Graphic C shows an example of typical spectra of absorbance 
(between 300 to 900 nm) obtained for spiked CWs and FWs from site 2.  
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3.3 Aged NPs in AW, CWs and FWs 
In addition to the aforementioned studies operated with pristine Ag NPs, assays with aged 
Ag NPs were piloted in both artificial (AW) and real (CW and FW) wastewaters. As site 3 
presented particular characteristics compared to the other sites, especially a high content of 
chloride and sulphide, in addition to be the largest WWTP of the four (i.e. treating 
wastewaters for a population equivalent of approximatively 850 000 people), preliminary 
assays were performed with CW3 and FW3 samples. 
3.3.1 Screening of toxicity 
Effects of ageing in wastewaters (CW, FW, AW) on the eventual Ag NP toxicity to the P. 
putida BS566 lux bioreporter are presented in Fig. 3.10. Ag NPs showed a consistent 
toxicity pattern following ageing for 4 weeks in FW3 (i.e. IC50 at 1 h close to 7.8, 7.8, 6.9 
and 6 mg L
-1
 at week 0, 1, 2 and 4 respectively) before becoming less toxic in week 8 (i.e. 
IC50 at 1 h close to 12.6 mg L
-1
). Overall, comparable stable patterns were obtained in AW 
(IC50 at 1 h oscillating between 3 and 6 mg L
-1
 regardless of ageing). In CW3 though, 
effects from ageing were visible from week 1 where IC50 values were twice the values 
derived with non-aged materials; then IC50 almost doubled again by the end of week 8. 
 
Fig. 3.10: Effect of ageing on Ag NP toxicity. The derived IC50 values at 1 h obtained from the P. 
putida BS566 lux based planktonic assays performed with aged Ag NPs (from 0 to 200 mg L
-1
) in artificial 
(AW) and real (CW and FW from site 3) wastewaters after respectively 0, 1, 2, 4 and 8 weeks of ageing are 
shown above. Data are mean ± SEM (n = 3), significant differences are represented as p < 0.1 (*) or p < 0.05 
(**) following analysis with unpaired t-tests.  
Chapter 3: Results - Planktonic based assays 
79 
 
Fig. 3.11: Effect of ageing on Ag NP characteristics. The evolution over ageing (up to 8 weeks) of the 
hydrodynamic size (A), zeta potential (B) and absorbance spectrum (C) of Ag NPs in artificial (AW) and real 
wastewaters (CW and FW from site 3) is presented above. All characterisation assays were performed with 
Ag NPs at 10 mg L
-1
. Data are mean ± SEM (n = 3), significant differences are represented as p < 0.1 (*) or p 
< 0.05 (**) following analysis with unpaired t-tests. 
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3.3.2 Characterisation of NPs 
Aged NPs were characterised in CW, FW and AW by UV-vis, DLS and AAS; results are 
presented in Fig. 3.11.  
Increase in hydrodynamic size and the decrease of the absolute zeta potential values, 
especially in CW, were observed with ageing (Fig. 3.11 A and B). Modified absorbance 
spectra were in addition obtained through the weeks, mainly exhibiting lower amplitude 
compared to non-aged materials. No clear peak were finally characterised in week 8 (Fig. 
3.11 C). A decrease in the dissolution rates especially in CWs (from ca. 3 % in week 0 to 1 
% in week 1 then below 1 % in week 8) was also observed with ageing. Comparatively, 
behaviours of NPs remained rather stable in both AW and FW despite of ageing.  
3.4 Discussion 
3.4.1 Pristine NPs in laboratory matrices 
3.4.1.1 The big picture 
Overall data presented herein demonstrated higher toxicity of Ag NPs, followed by ZnO 
NPs and TiO2 NPs with derived IC50 values at 1 h close to 5 mg L
-1
 in both LB and AW for 
Ag NPs, from 60 mg L
-1
 to 100 mg L
-1
 in LB exclusively for ZnO NPs, and higher than 200 
mg L
-1
 in both LB and AW for TiO2 NPs. In addition, IC50 values of 0.3 - 0.4 mg L
-1
 for Ag 
ions in both matrices and between 50 and 70 mg L
-1
 for Zn ions in LB were also identified. 
Consequently, different NPs presented different toxicity to P. putida BS566 lux and, when 
applicable, the ions were found more toxic than their NPs counterparts. In addition, the 
toxicity of NPs was shown to be possibly influenced by the matrix of exposure. 
Bondarenko et al. (2013) [99] discussed median IC50 to bacteria of 7.1 mg L
-1
 for Ag NPs, 
3.3 mg L
-1
 for Ag ions, 500 mg L
-1
 for ZnO NPs and 30 mg L
-1
 for ZnO ions. Similarly, 
Chernousova and Epple (2013) [31] reported the mode of Ag NP and ion toxicity values on 
prokaryotes in the range 1 - 10 mg L
-1
 and 0.1 - 1 mg L
-1
, respectively; whereas toxicity of 
TiO2 NPs was generally reported above 200 mg L
-1
 when observed [43, 98]. Consequently, 
results presented here with P. putida BS566 lux bioreporter appear most of all directly in 
line with discussed nanoecotoxicological trends on various bacteria. Interestingly, both 
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CuO NPs and Cu salts were not toxic to P. putida BS566 lux up to 200 mg L
-1
 whereas 
detrimental impacts ca. 200 mg L
-1
 for CuO NPs and 32 mg L
-1
 for Cu ions were already 
reported on bacteria [99]. Consequently, the used bioreporter herein may be more resilient 
to copper than previously reported bacterial strains. 
3.4.1.2 Toxicity of Ag NPs (and ions) to P. putida BS566 lux 
Regarding Ag NM-300K NPs, results indicated comparable toxicity patterns in both LB 
and AW with main effects occurring during the very first stages of exposure. Although Ag 
NPs appeared toxic at slightly lower doses in AW (i.e. lower IC50 at 0 h, time point 
corresponding to the first measure registered in a 5 min time window after exposure of 
bacterial bioreporters to the NPs) compared to LB, consistent IC50 values ca. 4 - 5 mg L
-1
 
were derived over time in both matrices.  
Low dissolution rates were consistently observed over time and matrices for Ag NM-300K 
NPs, as also described elsewhere [390, 391]. Mean hydrodynamic sizes were not found 
significantly different between matrices but suspensions of Ag NPs were shown to be less 
stable in AW compared to LB based on the zeta potential values. The UV-vis spectra 
showed narrow and specific peaks close to 413 nm, further attesting to the actual nano-size 
of tested Ag NPs in both matrices. Observed low agglomeration as well as consistent low 
dissolution and toxicity indicated that although ionic strength of AW was almost four times 
that of LB (ca. 300 and 80 mM, respectively, at pH 7), it was not instrumental in 
determining hazard over the full time period. The characterised differences in terms of zeta 
potential of NPs are besides likely to be supported by the different protein-free/rich 
properties of each matrix. 
Dams et al. (2011) [185] first reported on P. putida BS566 lux bioreporter higher toxicity 
of nano Ag (ca. 80 - 90 mg L
-1
 at 1 h) compared to micro Ag (ca. 500 - 700 mg L
-1
 at 1 h) 
in LB. They did not discuss potential dissolution of NPs but they reported ionic silver 
(applied as silver nitrate) based IC50 values from 0.44 to 0.18 mg L
-1
 between 0.5 and 1.5 h 
of exposure. Considering in our case at 1 h a dissolution rate of ~ 4 % (in mass terms) and 
an IC50 of ~ 4 mg L
-1
 for Ag NM-300K in LB, an ion based IC50 around 0.16 mg L
-1 
may be 
estimated. Herein assays with Ag ions (also applied as silver nitrate) led to IC50 values at 1 
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h between 0.3 and 0.4 mg L
-1
 in both matrices. In addition, the toxicity of Ag NM-300K 
NPs was recently reported to be in the range 10 - 100 mg L
-1
 in LB with different 
Salmonella spp. [407]. These authors concluded similarly that dose-dependent effects 
occurred in the early stages of exposure for both NPs and ions with, again, one order of 
magnitude of difference in the dose metric of both tested materials. Consequently, herein 
results are directly comparable to previously published data [185] and emphasise the 
relative sensibility of P. putida compared to other bacteria (e.g. Salmonella spp.) [247, 407, 
408], the recurrent greater toxicity of Ag ions compared to Ag NPs, and the impact of the 
NP size as the smallest NPs occurred to be the most toxic eventually (i.e. Ag NM-300K 
NPs with primary size < 15 nm were found more toxic than the Ag NPs ca. 35 nm tested by 
Dams and co-workers [185]). 
The use of P. putida is scarce in nanoecotoxicology (§ 1.1.4.2), limiting the possibility for 
intra-species comparisons. Hachicho et al. (2014) [130] reported IC50 values ca. 250 mg L
-1
 
for Ag NPs and 0.175 mg L
-1
 for Ag ions on P. putida mt-2. Gajjar et al. (2009) [219] 
discussed impacts of Ag NPs ca. 1 mg L
-1
 on a modified KT2440 and between 0.1 - 0.2 mg 
L
-1
 for the ionic counterparts. Jin and co-workers (2010) [209] also discussed IC50 values of 
Ag NPs orders of magnitude higher than results with Ag ions on P. putida (depending on 
the matrix of exposure composition). Regardless of the methodology, overall studies 
emphasised that Ag ions are more toxic than Ag NPs and that the effective antibacterial 
dose of the ions is relatively consistent across studies and P. putida strains whereas the 
NPs, conversely, exhibit evident versatility in terms of antibacterial efficacy. 
In light of the above, in the case of the P. putida BS566 lux bioreporter the observed Ag 
NM-300K toxicity is therefore likely to be driven (mainly) by ion release, even at low 
dissolution rates, linked to the size of NPs (both found consistent in the different matrices) 
as described elsewhere [31, 234, 366, 390, 391, 407]. 
3.4.1.3 Toxicity of ZnO NPs (and ions) to P. putida BS566 lux 
For ZnO NM-110 NPs, results indicated different toxicity patterns in both matrices. In LB 
ZnO NM-110 exhibited transient toxicity to P. putida BS566 lux, whereas, in AW no 
toxicity was observed. ZnO NPs are widely described to have high dissolution rates and to 
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exhibit a toxicity mostly ion based [107, 168, 199]. Consequently, the detection of ZnO 
NM-110 toxicity in LB (i.e. IC50 between 60 and 100 mg L
-1
 during the first hour of 
exposure) might be at least partly associated to high dissolution rates (close to 40 %, in 
mass terms) observed in this medium, whereas in contrast the absence of toxicity in AW is 
likely to be linked to low dissolution rates (calculated ca. 2.5 %).  
Dissolution of ZnO NPs is known as highly influenced by agglomeration, which tends to 
occur particularly in real waters and more generally under increasing ionic strength 
conditions [56, 199]. Data from DLS and UV-vis analyses confirmed NP agglomeration in 
AW (e.g. higher z-average, higher absolute zeta potential, and loss of absorbance 
spectrum). Consequently, the different fate of ZnO NM-110 NPs leading to dissolution in 
LB and aggregation in AW, which governed their ion based antibacterial activity, is likely 
to be supported by the higher ionic strength of AW compared to LB.  
There is no existing data with ZnO NPs or related ions on P. putida BS566 lux. Gajjar et al. 
(2009) [219] discussed impacts of ZnO NPs ca. 10 mg L
-1
 on a modified P. putida KT2440 
and ca. 1 mg L
-1
 or below for the ionic counterparts. Interestingly, they reported major 
hormesis effects and described ZnO NPs (and related ions) as bacteriostatic agents as never 
leading to the complete loss in culturability of the tested P. putida. Herein, hormesis effects 
were rarely observed however the discussed transient toxicity patterns of ZnO NPs (and 
related ions) may corroborate the bacteriostatic results described by those authors. Their 
model being more susceptible to toxicants than ours, they potentially suffered from 
exacerbated hormesis patterns compared to P. putida BS566 lux. The Zn ion toxicity on 
other bacteria species is otherwise reported in the range of 10 - 100 mg L
-1
 in laboratory 
media depending on NP type and size, matrix of exposure and method of assessment [43, 
99, 168, 188, 199, 207, 237]. Considering here a dissolution rate of 40 % and IC50 values 
between 60 and 100 mg L
-1
 in LB, an ion based IC50 around 25 - 40 mg L
-1
 might be 
estimated. Our own assays with Zn ions (applied as zinc sulphate) led to transient toxicity 
(with IC50 values evolving from about 50 to 70 mg L
-1) during the first hour of exposure in 
LB and to no toxicity in AW.  
Consequently, the observed ZnO NM-110 toxicity to P. putida BS566 lux is likely to be 
driven by the released Zn ions. The transient toxicity in LB and the absence of toxicity in 
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AW may be associated with readily occurring Zn ion complexation (with anions such as 
SO4
2-
, Cl
-
 and PO4
3-
) and/or precipitation, in addition to, Zn NP aggregation/precipitation in 
the different matrices as discussed elsewhere [107, 168, 199].  
3.4.1.4 Toxicity of TiO2 NPs to P. putida BS566 lux 
Results indicated similar and non-detectable toxicity despite non-comparable NP fates in 
both matrices for TiO2 NM-104 NPs. TiO2 NPs are however widely described to be toxic at 
very high doses (up to the g L
-1
) by the triggering of cellular oxidative stress pathways via 
their catalytic properties especially after photo-activation rather than by any ion based 
mechanisms [56, 98, 168, 200, 207]. Non-detectable toxicity of TiO2 NM-104 here might 
be therefore mainly explained by the concentrations used (up to 200 mg L
-1
) and the 
absence of photo-activation of materials. However, increasing concentrations or pre-
activating materials, even if leading to monitorable toxicities, would not have been more 
relevant thus was not explored. A TiO2 dose-dependent increase in the output signal could 
be discussed, however as this occurs similarly from the first time point in both matrices this 
is likely to be associated with the intrinsic optical properties of TiO2 (rutile form especially) 
to scatter and reflect light, as discussed elsewhere [409]. This was confirmed with 
experiments using a luciferase based reaction with increasing concentrations of TiO2 NM-
104 (without bioreporters) as well as commonly reported in the laboratory by scientists 
working with chlorophyll based outputs with other model microorganisms (testing the same 
NPs).  
Once again here, there is no existing data with TiO2 NPs on P. putida BS566 lux. Picado et 
al. (2015) [113] recently reported toxicity of TiO2 NPs (Aeroxide® P25, primary size 21 
nm) on several models from different trophic levels including a P. putida; with IC50 values 
ca. 10 mg L
-1
 after 16 h of exposure. However, due to the methodology used (ISO 
10712:1995 which describes itself as non-suitable with colour samples and undissolved 
substances, as TiO2 NPs may be) the direct comparison seems inappropriate. Nonetheless 
here, not observing evident patterns via the P. putida BS566 lux bioreporter does not 
necessarily mean there was no stress based pathways triggered inside the cells. It does 
mean, however, this bioreporter (as all bioreporters) presented limitations when used on its 
own.  
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3.4.1.5 Toxicity of CuO NPs (and ions) to P. putida BS566 lux 
Originally isolated from a coke rich WWTP the BS566 strain may have developed 
resistance to some metals (personal communication with Emeritus Prof Nick Christofi), 
such as for Cu. Besides, other P. putida such as KT2440 or W619 (which are fully 
sequenced) are known to bear Cu resistance genes in their genome [410]. It is therefore 
plausible that P. putida BS566 carries expressible Cu resistance genes although this is not 
yet reported for this strain; eventually promoting its resilience to Cu as shown here. In light 
of this, the behaviour of the tested CuO NPs per se, shown to be variable between LB and 
AW matrices, is finally of little importance here as essentially none of the two tested copper 
salts did lead to a toxicity pattern. There is no existing data with CuO NPs on P. putida 
BS566 lux. Interestingly, Gajjar et al. (2009) [219] reported CuO NPs toxicity on their 
modified KT2440 model without mentioning any possible resistance to Cu; emphasising 
that presence of a specific genetic material (e.g. resistance genes) is not synonym of 
expression. 
3.4.2 Pristine NPs in real matrices 
3.4.2.1 The big picture 
The toxicity of Ag NPs is commonly attributed to the released ions [31, 47]. IC50 values at 
1 h of exposure close to 5 mg L
-1
 for pristine Ag NM-300K NPs and 0.4 mg L
-1
 for Ag ions 
in AW simulating effluent using P. putida BS566 lux were previously discussed (§ 3.4.1). 
The toxicity of Ag NM-300K NPs was shown to be mainly driven by the released ions, 
corroborating previous literature [407]. The further results (i.e. IC50 values at 1 h) obtained 
in FWs between 6 and 9 mg L
-1
 appear most of all directly comparable to those already 
discussed in AW using the same method and material; they are consequently likely to be 
explained by the same impact of the released Ag ions.  
The pristine Ag NPs were less toxic in CW than FW, with IC50 values at 1 h of exposure up 
to ca. 50 mg L
-1
. This was associated with higher BOD, COD, TSS, total plate count, 
ammonia, chloride, sulphide loadings in CWs, attesting overall to the higher “complexity” 
of CWs compared to FWs. The dynamics of impact (i.e. kinetics) of these multiple 
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parameters onto the NPs remains uncertain here, even if increasing concentrations of BOD, 
COD, chloride and sulphide have already been shown (independently) to diminish the 
antimicrobial properties of Ag NPs via especially aggregation/agglomeration and 
complexation phenomena. No evident aggregation of the freshly added NPs to the 
wastewaters was visible by UV-vis. No different dissolution rates of pristine NPs were 
evaluated in both matrices. However, significantly different hydrodynamic size and zeta 
potential values were measured in CWs compared to results in FWs, attesting to matrix 
driven effects on the NPs (i.e. complexation) in CWs. Aggregated (i.e. complexed) NPs 
have been shown to display lower ion release and diminished bioavailability in complex 
matrices [51, 68, 411]. Ions themselves were shown to be susceptible to complexation in 
wastewaters [32, 412]. Altogether, the reported data therefore support the hypothesis that 
aggregation/agglomeration and complexation of Ag NPs and related ions led to attenuated 
toxicity of Ag NM-300K to P. putida bioreporter in the most complex matrices, the CWs. 
The acute toxicity (i.e. IC50 values) of pristine Ag NPs to bacteria was reported in the mg L
-
1
 range in laboratory media [31, 99]. Comparatively, similar and attenuated toxicity of Ag 
NM-300K NPs were therefore reported here in FWs and CWs. Interestingly, both the 
microbial resilience [338, 413] and sensitivity [308, 414] were reported before in influent 
wastewaters testing Ag NPs, respectively below and above 5 mg L
-1
. The present work 
therefore further supports those previous studies. 
Consequently, whilst demonstrating the workability of the proposed method for performing 
acute testing in real wastewaters the work highlights further the importance of the nature of 
the matrix of exposure. 
3.4.2.2 CWs versus FWs characteristics 
The behaviour of Ag NPs has already been shown to be influenced by pH, ionic strength, 
salinity and presence of chloride or sulphide when studied separately in artificial conditions 
[49, 57, 412, 415]. Considering FWs and CWs collectively (i.e. regardless of the site); ca. 
75 % of the observed variability was explained by the performed multivariate analysis (i.e. 
based on a canonical correlation using key wastewater parameters constrained by the 
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calculated IC50 of spiked NPs). This would therefore point to synergistic effects from the 
matrix characteristics on the eventual Ag NP toxicity displayed. 
On a wastewater type basis, the direct influence of the site or of key physico-chemical 
parameters to the eventual Ag NP toxicity cannot be drawn. One may incriminate the dose 
metric (up to 200 mg L
-1
) which possibly exhausted the available sulphide and chloride 
limiting their potential impact. However, Kaegi et al. (2013) [416] demonstrated that Ag 
NPs were only sulfidised at 15 % within 5 h in wastewaters, as also proposed elsewhere 
[411]. In addition, the sulphidisation of Ag NPs was shown limited due to oxic conditions 
[417]. Consequently, in the absence of ageing the actual impact of such sulphidisation is 
uncertain here when considering data registered after only 1 h of exposure under oxic 
conditions. Meanwhile, although differences were evident between samples from the 
different sites they were probably too low overall to obtain conclusive assessment of the 
direct effects of matrix parameters, even synergistically. Studies in the literature discussing 
such aspects (i.e. separately) have generally deployed concentrations or conditions which 
ranged several orders of magnitude therefore exacerbating, potentially, the effects observed 
when compared to conditions offered by real samples [49, 57, 412, 415]. Finally, the 
dispersant in which Ag NM-300K NPs are prepared may further enhance their stability 
[136, 142], and therefore decrease (i.e. in some degrees) their susceptibility to 
environmental variations such as proposed by the tested FW and CW matrices. 
Consequently, the above emphasised further the intricate physico-chemical parameters 
involved in determining NP toxicity considering the intrinsic properties of both the 
matrices and the NPs. 
3.4.3 Aged NPs in AW, CWs and FWs 
The ageing impact in wastewaters on the eventual antibacterial properties of Ag NM-300K 
NPs was also reported. Interestingly, Ag NPs showed consistent toxicity patterns in FWs 
despite ageing. Comparable behaviours were obtained in AW. In both cases, this was 
related to steady hydrodynamic sizes and dissolution rates. Conversely in CWs, the increase 
in hydrodynamic size and zeta potential as well as the loss of typical spectra of absorbance 
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and the decrease in dissolution (i.e. traducing exacerbated aggregation and complexation 
phenomena), then eventually in NP toxicity, were characterised with ageing.  
Although reports on the speciation of Ag NPs are abundant [56, 412, 416, 418-420], very 
little information exists on actual toxicity of aged Ag NPs, especially in real matrices. Ag 
NPs discharged to the wastewater stream were shown to be sulphidised to varying degrees 
and to be largely aggregated with biomass and biosolids, potentially reducing there toxicity 
[56, 411, 416, 418-421]. Here, the toxicity based results reported in CWs with aged Ag NPs 
further corroborate these recent reports. However, our results in FWs suggest that attention 
should be given to impact of Ag NPs on environments downstream of WWTPs, especially 
as NPs have been already shown capable of escaping WWTPs [239]. 
Consequently, whilst piloting ageing based assays we highlighted the divergent fate of the 
patterns of toxicity of Ag NPs in CWs and FWs (despite “conservative” conditions of 
ageing).
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CHAPTER 4: Results - Biofilm based assays 
Biofilms are self-produced matrix enclosed mono or multi-species microbial communities 
that adhere to biological or non-biological interfaces [77] generally referred to as the main 
living form of bacteria in the environment [422]. Structurally organized, dynamic and 
complex ubiquitous biological systems, biofilms have in addition essential beneficial 
implications (e.g. facilitators within the natural environment or in the treatment of 
wastewaters) [77, 422]. Consequently, biofilm based assays represent a desirable source of 
information in nanoecotoxicology (§ 1.1.4.2.1). Despite their relevance, only a handful of 
nanoecotoxicological studies has been carried out using biofilms to date (§ 1.1.4.2.3). 
Assays performed under hydrodynamic conditions specifically (i.e. leading to fully 
hydrated, planktonic free and mature structures compared to the static approaches) are 
gradually emerging using diverse rotating biological contactor and reactors [288, 294, 297, 
314]. Unlike most reactors, the flow-cell systems present the additional advantages of real 
time, non-invasive and non-destructive versatile studies [362, 363]. Consequently, a high 
potential of assay development is associated with the use of flow-cell reactors (§ 1.1.5.2). 
Applications of flow-cell reactors were reported in ecotoxicology for the testing of silver 
sulfphadiazine and solvent styrene on Pseudomonas spp. biofilms [368, 369]. Examples in 
nanoecotoxicology are particularly scarce at the present time with the sole contribution 
being the study by Fabrega et al. (2009) [314] where the interactions between Ag NPs and 
P. putida biofilms were investigated (e.g. accumulation and uptake of NPs).  
Consequently, the present work builds on these pioneer examples [314, 368, 369] and aims 
to assess the temporal impact following a single pulse of NPs on non-static mono and 
multi-species biofilm morphology, viability and activity in AW using flow-cell reactors. P. 
putida BS566 lux is used for establishing the mono-species biofilms since P. putida are 
commonly proposed as an environmental bacterial model, are already reported in studies 
using flow-cell reactors [314, 368, 369], and are used in the planktonic based assays 
previously reported here (Chapter 3). Multi-species biofilms are established from real crude 
wastewater samples. In both cases, silver (Ag NPs and ions) is prioritised given that it is a 
well-known bactericidal agent [265], one of the most widely used NPs [15], and the sole 
having shown toxicity to P. putida in AW using planktonic based assays (§ 3.1).  
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4.1 P. putida based mono-species biofilms 
The study was articulated around an original scenario of culture (for 48 h), exposure (for 24 
h) and recovery (for 24 h) assessment (as detailed in the Material and Methods,§ 2.2.3.3), 
extending the pioneer study proposed by Fabrega et al. (2009) [314].  
4.1.1 The P. putida control biofilms at 48 h 
Representative examples of CLSM z-stack registered ante exposure to Ag NPs are 
presented in Fig. 4.1 (top row).  
  
Fig. 4.1: Qualitative characterisation of the biofilm morphology ante and post exposure to the 
Ag NPs. P. putida biofilms were cultured for 48 h then exposed to Ag NPs at 0, 0.01, 0.1, 1, 10 and 100 mg 
L
-1
 for 24 h (from A to F, respectively). Biofilms were analysed by CLSM after live (green) / dead (red) 
staining at 48 h (i.e. ante exposure, top row), 72 h (i.e. post exposure, middle row), and 96 h (i.e. 24 h post 
exposure, bottom row). Representative examples of maximised z-stack are shown above. Each image 
represents 1 out of 7 z-stacks randomly registered per condition for 1 experiment. Scale is 50 µm wide. 
 
P. putida BS566 formed distinct and consistent microcolonies in D-glucose supplemented 
AW medium across channels. This was confirmed across experiments as well via the 
morphology related information obtained by the COMSTAT based analysis. Control 
biofilms at 48 h (considering 210 z-stacks in total, n = 5) were consistently characterised by 
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comparable biomass, maximum thickness, mean thickness, roughness and surface area of: 
27.5 ± 2.6 µm
3
 µm
-2
, 94.4 ± 3 µm, 50.2 ± 2.8 µm, 0.48 ± 0.01 and 3.2 ± 0.1 10
6
 µm
2
 
respectively. No red staining (i.e. dead cells) was observed. From a microbial activity 
standpoint (Fig. 4.2), ca. 70 % of the original D-glucose loading was consistently found in 
the effluents across channels and experiments. 
4.1.2 The P. putida exposed biofilms at 72 h 
Representative examples of CLSM z-stack registered at 72 h, post exposure to a single 
pulse of Ag NPs at 0, 0.01, 0.1, 1, 10 and 100 mg L
-1 
for 24 h, are presented in Fig. 4.1 
(middle row). Additional examples are provided in Appendix D (Fig. S4.1). 
From a morphological viewpoint, larger and less discrete microcolonies were observed at 
72 h than at 48 h for the control (Fig. 4.1, column A). Biofilms exposed to the Ag NPs at 
0.01 mg L
-1
 showed comparable development overall (Fig. 4.1, column B). However the 
biofilm development was visibly altered at 0.1 mg L
-1
; dose dependent impacts of the Ag 
NPs were then observed with, finally, sparsely distributed residues of microcolonies 
characterised at 100 mg L
-1
 (Fig. 4.1, columns C - E). Red staining was obtained (in 3 out 
of 5 experiments) at 10 mg L
-1
 exclusively. The corresponding quantitative information 
from the COMSTAT analysis is shown in Fig. 4.3.  
Overall results confirmed the dose dependent impact of the Ag NPs on biofilm morphology 
following a 24 h pulse. The trend was characterised by a decrease in total biomass, 
thickness, surface area and an increase in roughness with increasing concentrations of NPs. 
More specifically, non-exposed biofilms gained 56.8 ± 8.25 % of biomass in 24 h; 
meanwhile the 0.01 mg L
-1
 exposed biofilms gained significantly less (26.75 ± 10.7 %) (i.e. 
determined via multiple t-tests using the Holm-Sidak method, reporting significance with p 
value < 0.05). The altered evolution of both the roughness and the surface area related 
information was also observed at 0.01 mg L
-1
 compared to the non-exposed biofilms. 
Impact on thickness was not evident at 0.01 mg L
-1
 though. Comparatively at 0.1 mg L
-1
 Ag 
NPs, evident impacts on biomass, roughness, surface area and mean thickness were 
observed compared to the control; according to the COMSTAT results post exposure 
biofilms were rather similar to biofilms characterised ante exposure. Concentrations of 1, 
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10 and 100 mg L
-1
 led to consistent dose dependent results with detrimental effects at 100 
mg L
-1 
resulting in ca. 75 % of the biomass and ca. 50 % of the thickness and surface area 
being lost when compared to the respective biofilm characteristics before exposure. 
Similarly, the roughness was increased by more than 200 % whereas non-exposed biofilms 
had there roughness decreased by ca. 50 % for the same 24 h period. 
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Fig. 4.2: Quantitative characterisation of microbial activity (the Ag NP case). Samples collected 
upstream (i.e. in influents) and downstream (i.e. in effluents) of the flow-cells at 48, 72 and 96 h were used 
for D-glucose quantification via the phenol - sulphuric acid assay. Presented data are mean ± SEM (n = 4) of 
the calculated D-glucose ratios between samples per condition. The detailed findings from the statistical 
analysis via multiple t-tests (corrected with the Holm-Sidak method) considering two parameters at a time are 
shown in Appendix D (Fig. S4.2). 
 
Regarding the microbial activity, comparable amounts of D-glucose (ca. 50 % of the 
original loading) were found in effluents at 72 h post exposure to 0, 0.01 and 0.1 mg L
-1
 Ag 
NPs (Fig. 4.2). Results were found significantly different (i.e. lower D-glucose ratios, 
increased activity) compared to results at 48 h (p < 0.1). Percentages of remaining D-
glucose between 90 and 100 % were obtained post exposure to the Ag NPs at 100 mg L
-1
 
and Virkon
®
 1 %; results which were found significantly different from data at 48 h with 
the same channels (p < 0.05) and from data at 72 h with the other channels (p < 0.05). 
Results obtained post exposure to 10 mg L
-1
 (ca. 70 % of the original loading) were not 
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significantly different (p = 0.8) to those obtained at 48 h. The intermediate concentration of 
1 mg L
-1
 showed the largest SEM of the 72 h data with D-glucose ratios varying between 
45 % and 60 %; results which were found significantly different from data at 48 h (p < 
0.05) but not from 0.1 mg L
-1
 and 10 mg L
-1
 related data at 72 h. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3: Quantitative characterisation of the biofilm morphology post exposure to the Ag NPs. 
Histogram of the relative evolution (in % terms) of the descriptive biofilms parameters (e.g. total biomass, 
maximum thickness, mean thickness, roughness and surface area) post exposure for 24 h to the Ag NPs at 0, 
0.01, 0.1, 1, 10 and 100 mg L
-1
 is presented. Data, calculated per channel as (results at 72 h - results at 48 h) / 
(results at 48 h) after the COMSTAT analysis of the registered z-stacks, are mean ± SEM (n = 5). For each 
experiment 7 z-stacks were analysed per channel (i.e. per condition) at both time points. 
 
Parallel experiments were performed with the Ag ions tested at 0, 0.001, 0.01, 0.1, 1 and 10 
mg L
-1
 (n = 3). Comparable dose dependent toxicity patterns were observed overall on 
morphology (Fig. 4.4) and activity (Fig. 4.5) but shifted by at least one order of magnitude, 
the Ag ions being more toxic than the tested Ag NPs. Red staining (i.e. dead cells) occurred 
consistently after exposure to 1 and 10 mg L
-1
.  
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Fig. 4.4: Biofilm morphology characterisation ante and post exposure to the Ag ions. P. putida 
biofilms were cultured for 48 h then exposed to Ag ions (using AgNO3 salts) at 0, 0.001, 0.01, 0.1, 1 and 10 
mg L
-1
 for 24 h (from A to F, respectively). Biofilms were analysed by CLSM after live (green) / dead (red) 
staining at 48 h (i.e. ante exposure, top row), 72 h (i.e. post exposure, middle row) and 96 h (i.e. 24 h post 
exposure, bottom row). Representative examples of maximised z-stack are shown. Each image represents 1 
out of 7 z-stacks randomly registered per condition for 1 experiment (n = 3). Scale is 50 µm wide. 
 
No biofilms were visible at 72 h after exposure to Virkon
®
 1 % as a positive control (data 
not shown). Exposure to the Ag NM-300K NP dispersant only has already been shown not 
to be toxic per se to P. putida. 
4.1.3 The P. putida recovering biofilms at 96 h 
Biofilms were left to recover for 24 h in AW medium post exposure. Examples of 
characteristic CLSM z-stack registered at 96 h for selected conditions (Ag NPs at 0, 0.01, 1 
and 100 mg L
-1
) along with the relative evolution (in % terms) of selected descriptive 
parameters (total biomass and mean thickness) are presented in Fig. 4.6. Additional 
examples of CLSM result at 96 h from replicated experiments are proposed in Fig. 4.1 
(bottom row) and in Appendix D (Fig. S4.3). 
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Fig. 4.5: Quantitative characterisation of microbial activity (the Ag ion case). Samples collected 
upstream (i.e. in influents) and downstream (i.e. in effluents) of the flow-cells at 48, 72 and 96 h were used 
for D-glucose quantification via the phenol - sulphuric acid assay. Presented data are mean ± SEM (n = 3) of 
the calculated D-glucose ratios between samples per condition. The detailed findings from the statistical 
analysis via multiple t-tests (corrected with the Holm-Sidak method) considering two parameters at a time are 
shown in Appendix D (Fig. S4.2). 
 
From a morphological viewpoint, the non-exposed biofilms (Fig. 4.6, column A) were 
found to have developed, gaining more than 15 % in biomass and 6 % in mean thickness 
compared to results at 72 h. Comparatively, the exposed biofilms showed various patterns 
at 96 h as they were clearly recovering at 0.01 mg L
-1
 Ag NPs (+23.3 ± 8.4 % in biomass 
and +35.5 ± 11.7 % in mean thickness, no dual staining; Fig. 4.6, column B) and hardly 
surviving at 100 mg L
-1
 Ag NPs (+6.8 ± 3.8 % in biomass and -1.6 ± 20.9 % in mean 
thickness, dual staining; Fig. 4.6, column D). Very variable results across experiments were 
obtained at 1 mg L
-1
 with evolutions in biomass and mean thickness up to +50 % and +20 
% or down to -10 % and 0 %, respectively (Fig. 4.6, column C). Dual staining as well as 
possibly re-structuring microcolonies (i.e. presence of filaments) were also reported at 1 mg 
L
-1 
Ag NPs. Tested 0.1 and 10 mg L
-1
 concentrations led to similar dose dependent results 
(Appendix D, Fig. S4.4). 
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Fig. 4.6: Biofilm morphology recovery assessment. Representative examples of maximised z-stack 
registered at 96 h following the recovery period after exposure to 0 mg L
-1
 (A), 0.01 mg L
-1
 (B), 1 mg L
-1
 (C) 
and 100 mg L
-1
 (D) Ag NPs are shown. Each image represents 1 out of 7 z-stacks registered per condition for 
1 experiment. Results following other tested concentrations of Ag NPs (0.1 and 10 mg L
-1
) as well as 
additional examples of result for replicated experiments (n = 3) are presented in Appendix D (Fig. S4.4). 
Scale is 50 µm wide. The corresponding relative evolution (in % terms) in total biomass and mean thickness 
calculated between time points of 72 h and 96 h is also presented. 
 
Regarding the microbial activity (Fig. 4.2), comparable D-glucose ratios close to 45 % were 
observed at 96 h from 0 mg L
-1
 to 1 mg L
-1
 tested NP concentrations. Significantly higher 
ratios ca. 70 % and 80 % (i.e. decreased microbial activity) were obtained for 10 and 100 
mg L
-1
 Ag NPs (p < 0.05). Overall results at 96 h were not found to be significantly 
different compared to ratios calculated at 72 h (Appendix D, Fig. S4.2) but they were found 
to be significantly different (up to 1 mg L
-1
) compared to results obtained at 48 h (p < 0.05). 
Experiments with Ag ions at 0, 0.001, 0.01, 0.1, 1 and 10 mg L
-1
 led to more efficient 
recovery patterns (n = 3) (Fig. 4.4, bottom row; Fig. 4.5). Overall results at 96 h were found 
to be significantly different (up to 1 mg L
-1
) from the ratios calculated at 72 h (Appendix D, 
Fig. S4.2). No biofilms were visible at 96 h post exposure to Virkon
®
 1 % (data not 
shown); D-glucose ratios were found consistently ca. 95 % of the original loading (Fig. 
4.2). 
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4.1.4 Characterisation of Ag NPs within the experimental scenario 
Ag NPs were characterised by DLS and UV-Vis after sampling upstream (i.e. in influents) 
and downstream (i.e. in effluents) of the flow-cells at 48, 72 and 96 h.  
As shown in Fig. 4.7 A, UV-Vis spectra of the Ag NPs, characterised by a sole peak ca. 
413 nm (0.9 a.u.), were comparable at the beginning and at the end of the 24 h exposure 
period upstream of the flow-cells. In the downstream samples: no peak was observed at 48 
h, non-comparable profiles characterised by a sole peak ca. 415 nm (0.4 a.u.) were then 
obtained at 72 h. No specific peak was registered at 96 h regardless of the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7: Ag NP characterisation. Samples were collected upstream (i.e. in influents) and downstream 
(i.e. in effluents) of the flow-cells at 48, 72 and 96 h then characterised by DLS (A) and UV-Vis (B) when 
applicable. Data are mean ± SEM (n = 3) when tested at 10 mg L
-1
 Ag NPs. Significantly different between 
samples via multiple t-tests corrected with Holm-Sidak with a p value < 0.05 (**). 
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As shown in Fig. 4.7 B, comparable hydrodynamic size and zeta potential data were 
obtained by DLS at both 48 and 72 h in upstream samples: 51 ± 1.4 nm and -4.8 ± 0.8 mV, 
46.7 ± 2.8 nm and -3.1 ± 1 mV, respectively. In the downstream samples, hydrodynamic 
size and zeta potential results of 155.2 ± 14.6 nm and -12.9 ± 0.5 mV were respectively 
obtained at 72 h; 48 h samples were not suitable for DLS analysis (i.e. due to the absence of 
NPs). Results at 72 h were found to be significantly different between both types of sample. 
Mean polydispersity index (PDI) was 0.46 ± 0.02. Samples from 96 h were not suitable for 
DLS analyses either. 
Ag concentrations (i.e. 1, 10 and 100 mg L
-1
) were confirmed by AAS in upstream samples 
at both 48 and 72 h. The respective concentrations in the downstream samples were 68.9 ± 
4.6 %, 50.5 ± 9.9 % and 89 ± 7.3 % of the concentrations measured in upstream samples 
when tested at 72 h. The concentration of Ag was below the lower detection limit of the 
apparatus (i.e. < 0.1 mg L
-1
) when tested at 96 h regardless of the sample. 
4.1.5 Testing the potential impact of different carbon sources 
The biofilm morphology has already been shown influenced by the C source and so might 
be the extracellular matrix which has already been proposed as protective barrier to 
toxicants [78, 82, 83, 423]. 
Consequently, in addition to the aforementioned assays using D-glucose as the sole carbon 
source, the P. putida mono-species biofilms were comparatively cultured in AW medium 
supplemented with D-fructose. Corresponding examples of CLSM z-stack registered ante 
and post exposure to a single pulse of Ag NPs or Ag ions at 1 mg L
-1
 are presented in Fig. 
4.8. Additional examples of results (n = 4) are presented in Appendix D (Fig. S4.5). 
The morphological characteristics of the P. putida biofilms developed on D-glucose or D-
fructose as well as their resilience to the Ag NPs or ions were overall found to be 
comparable (based on the qualitative assessment of images, Fig 4.8 and Appendix D Fig. 
S4.5). Further, no different outcomes were obtained using D-sucrose as a carbon source 
either (data not shown). As shown in Fig. 4.9, the utilisation of the carbon source was 
affected in both, a time dependent manner (i.e. due to the biofilm development), and a 
toxicant dependent manner (i.e. the Ag ions exhibiting a higher impact than the Ag NPs). 
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However, the overall pattern was not different between the three tested carbon sources (e.g. 
D-glucose, D-fructose and D-sucrose).   
 
 
 
 
 
 
 
 
 
 
Fig. 4.8: Impact of the carbon source. P. putida mono-species biofilms were cultured for 48 h in D-
glucose or D-fructose supplemented AW medium then exposed to 0 or 1 mg L
-1
 Ag NPs and ions for 24 h. 
Biofilms were analysed by CLSM after live/dead staining at 48 h and at 72 h. Representative examples of 
maximised z-stack are shown. Each image represents 1 out of 7 z-stacks randomly registered per condition for 
1 experiment. Scale is 50 µm wide. 
 
Trials in characterising the potential differences in the biofilm extracellular polymeric 
matrix produced under the different conditions of culture using a ConA based fluorescent 
staining were not conclusive. As shown in Fig. 4.10 for D-glucose, no layer/matrix was 
apparent. In addition, signal overlaps between the live/dead (i.e. PI mainly) and the ConA 
stains were experienced (Fig. 4.10, arrows), however, no better outcomes were obtained 
using the ConA dye in higher concentration or on its own (i.e. without the live/dead dye). 
In the absence of clear impacts of the tested carbon sources and because the extracellular 
matrix based information were of little support, no further assays were undertaken with the 
mono-species biofilm format. 
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Fig. 4.9: Utilisation of the carbon source. Samples collected upstream  and downstream of the flow-
cells ante (at 48 h) and post (at 72 h) exposure to the Ag NPs or ions at 0 or 1 mg L
-1
 were used for D-
glucose, D-fructose and D-sucrose quantification via the phenol - sulphuric acid assay. Presented data are 
mean ± SEM (n = 3) of the calculated ratios between samples per condition. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10: Visualisation of the biofilm extracellular polymeric matrix. P. putida mono-species 
biofilms were cultured for 48 h in D-glucose supplemented AW medium before being exposed to the Ag NPs 
or ions for 24 h. Biofilms were analysed by CLSM after live/dead and ConA staining at 48 and at 72 h. 
Representative examples of maximised z-stack obtained with the Ag ions at 0 and 1 mg L
-1
 are shown above. 
Arrows mark examples of signal overlap. Scale is 50 µm wide. 
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4.2 Multi-species biofilms 
The P. putida BS566 lux used as a bioreporter in real wastewaters in the planktonic based 
assays (§ 3.2) and as model microorganisms for the mono-species biofilm based assays (§ 
4.1) was originally isolated from a WWTP. The beneficial role of biofilms in the 
environment (e.g. treatment of wastewaters) is clear [76-78]. Consequently, the multi-
species biofilm study was focused on the use of real wastewater samples (i.e. CW from site 
3) as inoculum for the flow-cell reactors.  
The study reports on the combined characterisations of the evolution of the biofilm 
morphology and produced extracellular matrix (using CLSM), of the established mix-
community (using NGS), and of the microbial activity (monitoring the utilisation of key 
AW medium constituents such as C, N and P); assessing the global impact of both the Ag 
NPs and the Ag ions to multi-species biofilms under hydrodynamic conditions. 
The pilot experiment was performed using a 12 channel based configuration (across four 
flow-cells) for which a template is shown in Appendix D (Table S4.1). The NGS was 
performed in collaboration with Warwick University (UK) thanks to the support of Prof 
Gary Bending and co-workers, especially Dr Sally Hilton who performed the NGS data 
analysis and proposed the following Fig. 4.15 and 4.16. 
4.2.1 Morphological analysis 
In line with the previous work on P. putida, the wastewater based multi-species biofilms 
were established in AW supplemented with D-glucose (0.05 %, w/v) for 48 h before being 
exposed to the Ag NPs (at 1 µg L
-1
 and 1 mg L
-1
) or the Ag ions (at 1 mg L
-1
) for 24 h. The 
biofilm morphology was characterised using CLSM after simultaneous “Gram+/-” and 
“ConA” staining at 48 and 72 h. Examples of representative z-stack registered at both time 
points using the Gram+/- staining are shown in Fig. 4.11. The corresponding analysis of the 
biofilm biomass (or biovolume, as calculated using COMSTAT) along with the evolution 
of the Gram+/- ratio (in % terms) are shown in Fig. 4.12. 
The multi-species biofilms rarely formed isolated microcolonies and were very 
heterogeneous in appearance. No clear recurrent structural patterns were found across 
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images. Whereas the control biofilms at 48 h were mainly composed by Gram- bacteria 
(green dye at more than 95 %, Fig. 4.11 and 4.12), the same non-exposed biofilms at 72 h 
showed more Gram+ bacteria comparatively (red dye ca. 40 %, Fig. 4.11 and 4.12). 
Consequently, while the overall biomass remained rather consistent and ca. 25µm
3
 µm
-2
, a 
clear modification of the microbial community occurred between 48 and 72 h in the 
absence of the toxicants. 
Both a dose dependent effect (in the Ag NP case) and a material type effect (considering 
the Ag NPs versus the Ag ions) were suggested on the biofilm biomass evolution (Fig. 
4.12). Impacts on the Gram+/- composition were also identified between the treated and 
non-treated biofilms at 72 h (Fig. 4.11 and 4.12).  
Examples of representative z-stack registered at 48 h using the ConA staining are shown in 
Fig. 4.13. When compared to the Gram+/- staining it can be concluded that the registered 
signal under the ConA settings are not different from the red signal from the Gram+/- dye. 
Consequently, because of evident signal overlapping between PMTs, the extracellular 
matrix based dye was not more informative here than previously in the mono-species 
biofilm study. 
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Fig. 4.11: Multi-species biofilm morphology characterisation ante and post exposure to the Ag NPs and ions. Representative replicated CLSM z-stacks 
obtained at 48 h (i.e. ante exposure) and at 72 h (i.e. post exposure to the Ag NPs at 1 µg L
-1
 or 1 mg L
-1 
and to the Ag ions at 1 mg L
-1
) are shown. Biofilms were 
visualised using the Gram+/- dye (Gram+ in red, Gram- in green); CLSM settings were kept unchanged across analyses. Scale is 50 µm. 
48 h 72 h 
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Fig. 4.12: Quantitative assessment of the Gram+/- ratio evolution. The histogram of the relative 
variation (in total biomass % terms) of the Gram+/- bacteria (Gram+ in red, Gram- in green) within the 
proposed scenario, as determined by COMSTAT analysis, is shown. Data are mean, SD < 15 %. For each 
condition, 7 z-stacks were analysed at 48 and 72 h. 
 
4.2.2 Composition characterisation 
Total gDNA of the biofilms was extracted in a kinetic manner accordingly to the template 
proposed in Appendix D (Table S4.1). DNA quality (i.e. as determined by 
spectrophotometry) per tested condition (from A to N) is also shown in Appendix D (Table 
S4.1). Two conditions (F and L) were excluded from the analysis as presenting unsatisfying 
quality (Abs260/230 ca. 1.1). The extracted gDNA was sequenced by NGS using the 454 
methodology. Six levels of OTU (Operational Taxonomic Unit) encompassing more than 
17 000 sequences were obtained (hereafter referred to as L1 to L6, i.e. from the less to the 
most detailed level). The output results from the analysis at L1 are shown in Fig. 4.14. 
The original wastewater sample used as inoculum was characterised by five main OTUs, 
namely Proteobacteria (65 %), Bacteroidetes (14 %), Actinobacteria (10 %) and Firmicutes 
(9 %). Those were completed by a sixth section simplified as “Others” considering fifteen 
other OTU (e.g. Acidobacteria, Armatimonadetes, Chlorobi, Chloroflexi, Cyanobacteria, 
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Fusobacteria, GNO2, Gemmatimonadetes, Nitrospirae, OD1, Planktomycetes, 
Spirochaetes, Synergistetes, Tenericutes, Verrucomicrobia and Thermi); overall counting 
for ca. 2 %.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13: Gram+/- and ConA based characterisations of the multi-species biofilms. 
Representative examples of CLSM z-stacks registered at 72 h after dual staining with the Gram+/- (on the 
left; Gram+ in red, Gram- in green) and ConA (on the right) dyes are shown. The same biofilms are presented 
per row of images. The white circles indicate examples of clearly varying areas between dyes. Scale is 50 µm. 
 
The overnight pre-cultured sample in AW medium showed OTU selection (Proteobacteria 
73 %, Bacteroidetes 22 %, Actinobacteria 3 %, Firmicutes 2 % and Others ca. 0 %). This 
trend was shown to be more exacerbated again when comparing with the sequencing data 
from the actually established biofilms at 48 h (Proteobacteria 98 %, Bacteroidetes 1 %, 
Actinobacteria with Firmicutes 1 % and Others ca. 0 %). Proteobacteria are Gram- bacteria, 
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consequently CLSM and NGS results closely related at 48 h (Fig. 4.12 and 4.14). The loss 
of diversity over time was confirmed at L6 (Fig. 4.15). 
 
 
 
 
 
 
Fig. 4.14: Histogram of the main OTUs identified at L1. The simplified L1 results obtained by NGS 
within the scenario of culture and exposure of the multi-species biofilms in Artificial Wastewater are shown 
above (created from Dr S. Hilton’s row data files). The “original sample” corresponds to the collected crude 
wastewater (CW) sample and the “pre-cultured sample” corresponds to the overnight cultured CW in 
Artificial Wastewater used as inoculum for the flow-cell system. Schematic of the experimental design is 
proposed in Fig. 2.6. 
 
 
 
 
Fig. 4.15: Diversity plot at L6. In the above plot is presented the evolution of the diversity (or 
rarefaction) as determined at L6 considering all samples (from A to N, refer to Appendix D Table S4.1) 
within the proposed scenario. Adapted from Dr S. Hilton’s report. 
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Interestingly, some new (but very minor, i.e. < 0.01 %) OTUs such as the Nitrospirae, the 
Armatimonadetes and the Planktomycetes were characterised following exposure to Ag 
ions. Those OTU were not characterised in the pre-cultured bacterial suspension used as 
inoculum and could therefore result from contaminations via, potentially, the Ag salt itself. 
As shown in Fig. 4.15, this tends to limit the rarefaction trend and to increase the variability 
of those results compared to the Ag NPs cases. Comparatively, no particular impact of the 
staining process (for the CLSM analysis) was observed on the OTU based outcomes. 
As presented in Fig. 4.16, further analyses at L6 showed that the control biofilms at 48 and 
72 h were different in OTU terms; however, no clear differences were characterised 
between the biofilms following the different treatments at 72 h. The latter result was 
confirmed by the analysis of the sole 72 h samples (data not shown). Consequently, the 
composition of the multi-species biofilms was not shown to be affected significantly by a 
24 h exposure to the Ag NPs or ions at 1 mg L
-1
 or below. 
 
 
 
 
 
 
Fig. 4.16: Similarity diagram at L6. The NGS results of all biofilm samples (at 48 and 72 h) were 
coupled by replicates and tested for similarity using a Bray-Curtis based analysis. The excluded F and L 
replicates were confirmed as outliers using the same representation (data not shown). Adapted from Dr S. 
Hilton’s report. 
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the Moraxellaceae (e.g. Acinetobacter), the Aeromonadaceae, the Pseudomonadaceae (e.g. 
Pseudomonas) and the Enterobacteriaceae were the main overall biofilm establishing 
bacterial families, representing  95 % of the total OTU abundance at this level. The four 
aforementioned families contributed for more than 80 % to the differences between 48 and 
72 h samples. Then, apparent less abundant bacteria such as the Sphingobacteriaceae (e.g. 
Sphingobacterium) and the Flavobacteriaceae (e.g. Flavobacterium), both Bacteroidetes 
(Gram-), further contributed to the global variability between time points; Firmicutes and 
Actinobateria (both Gram+) finally showing very little contribution to the biofilm 
versatility. The OTU table (at L6) is presented in Appendix D (Table S4.2). 
Despite some ratio mismatches, the NGS results showed overall rather coherent patterns 
compared to those obtained by CLSM using the Gram+/- dye as in both cases: the multi-
species biofilms were shown to be driven by the Gram- bacteria (e.g. Proteobacteria and 
Bacteroidetes), the 48 and 72 h control biofilms were different, the actual impacts between 
different treatments (e.g. 1 µg L
-1
 Ag NPs, 1 mg L
-1
 Ag NPs, 1 mg L
-1
 Ag ions) at 72 h 
were unclear.    
Due to the cost of performing such analysis full sample plates are generally preferred; this 
considerably delayed the actual generation of the data here reported (i.e. gDNA sent in June 
2015, data delivered in November 2015). Consequently, only one experiment could be 
performed. 
4.2.3 Microbial activity monitoring  
The monitoring of the C source utilisation (D-glucose based) previously reported with the 
mono-species biofilms was further applied here with the multi-species biofilms along with 
the additional analysis of both N and P via the ammonium and the phosphorus based 
quantification between effluent (i.e. downstream to the flow-cells) and influent (i.e. 
upstream to the flow-cells) samples. The output results presented as the biofilm removal 
activity (in % terms) within the proposed scenario of culture and exposure are shown in 
Fig. 4.17. 
The C removal was shown to be consistently ca. 98 % of the original loading (0.05 % D-
glucose, w/v), regardless of the tested condition. The P removal was, conversely, lower 
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than 10 % but it was not clearly impacted by any of the applied Ag treatments; so was the 
N removal case. This latter nevertheless showed to be increased between the control 
biofilms at 48 and 72 h.  
Consequently, none of the three tested removal pathways were shown to be impacted 
significantly by a 24 h exposure to the Ag NPs or ions at 1 mg L
-1
 or below in the tested 
regime based on D-glucose, ammonium and phosphorus measurements. 
 
 
Fig. 4.17: C, N and P removal activity of biofilms. The evolution of the C (carbon, via D-glucose), N 
(ammonium) and P (phosphorus) removal activity of the multi-species biofilms as determined by their 
comparative quantification in influent and effluent samples taken from the flow-cell reactors at 48 and 72 h 
under the different conditions tested is presented above. 
 
4.3 Discussion 
4.3.1 P. putida based mono-species biofilms 
4.3.1.1 The big picture 
The toxicity of Ag NPs to various static mono-species biofilms was reported in the 
literature [289, 293, 294, 298, 310, 424]. Overall conclusions emphasised that Ag NPs were 
harmless below 1 mg L
-1
, inhibitory in the 1 - 10 mg L
-1
 range and lethal above 100 mg L
-1
. 
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Biofilms were as well consistently reported more resistant to NPs than the planktonic cell 
counterparts [289, 293, 294, 298, 310]. 
Considering non-static biofilms, there are too few studies using flow-cell reactors at the 
present time to draw conclusive trends. Pioneer works of Bjarnsholt et al. (2007) [368] 
showed toxic effects of Ag sulfadiazine ca. 10 mg L
-1
 on mature Pseudomonas spp. 
biofilms under hydrodynamic conditions. Fabrega et al. (2009) [314] thereafter discussed 
the accumulation of Ag NPs onto and into P. putida biofilms and reported the absence of 
impact on viability up to 2 mg L
-1
 using in-house built (mono-chambers) flow-cells. Herein, 
the viability of P. putida BS566 lux mono-species biofilms was not visibly affected post 
exposure to a single 24 h pulse of Ag NPs at 1 mg L
-1
 and below using commercially 
available (multi-chambers) flow-cell reactors. However, the variable observation of dead 
cells reported herein (i.e. in 3 out of 5 experiments) at 10 mg L
-1
 may inform about a 
transient state in the biofilm response to bactericidal (i.e. biofilm-cidal) doses of NPs. In 
light of this, the absence of visible dead cells at 100 mg L
-1
 (certainly removed by the flow) 
post exposure is not a proof of unaltered viability but a testimony of biofilm temporal 
response as described with other chemicals [82, 425, 426].  
In terms of morphology, the general trend of the biofilm response was characterised by a 
decrease in biofilm biomass, thickness and surface area coupled with an increase in 
roughness. The response was found to be dose dependent with impacts reported from 0.01 
mg L
-1
; therefore corroborating the sloughing phenomena reported post exposure to 0.02 - 2 
mg L
-1
 Ag NPs elsewhere [314]. In addition here, the microbial activity (i.e. monitored via 
the sole carbon source utilisation) was concomitantly shown to be time dependent (i.e. 
older and larger biofilms using more D-glucose in absence of NPs) as well as NP dose 
dependent (i.e. the utilisation of D-glucose being reduced post exposure to 10 mg L
-1
 Ag 
NPs and above). Consequently, the dose dependent biofilm restructuring previously 
mentioned did not involve an evident loss in the biofilm activity with the lowest 
concentrations of NPs (i.e. 0.01 - 1 mg L
-1
 range); instead the loss of activity was rather 
concomitant with the microbial death. 
Despite being frequently reported, the direct comparison of the planktonic versus biofilm 
information may be rather inappropriate (i.e. the biofilm associated cells are differentiated 
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from the planktonic cells by reduced growth rate, up and down gene regulation, ability to 
show coordinated behaviour and generation of extracellular polymeric matrix) [79, 82]. As 
previously mentioned the toxicity of Ag NPs to planktonic bacteria was reported in the 1 - 
10 mg L
-1
 range and commonly associated with ions based effects [31, 47]. Ag NM-300K 
NPs, specifically, were shown to be toxic to planktonic P. putida BS566 lux in AW with 
IC50 values ca. 5 mg L
-1
 after 1 h of exposure (i.e. Ag ions were comparatively shown to be 
at least ten times more toxic). Considering the “worst case scenario” here, disperse 
microcolonies were visible post exposure to a single 24 h pulse of 100 mg L
-1
 Ag NPs; the 
non-static P. putida based mono-species biofilms were therefore more tolerant to Ag NPs 
than the planktonic cells. 
4.3.1.2 Potential mode of action of Ag NPs 
Toxicity of Ag NPs to bacteria was shown to be commonly associated with ion based 
effects on planktonic cultures. Such mechanisms were less discussed in case of biofilms. In 
addition, Ag cations were reported to complex with the negatively charged extracellular 
matrix (EPS) of biofilms, potentially diminishing their bioavailability for an eventual 
toxicity [427]. However here, Ag ions exhibited evident dose dependent toxic effects on 
non-static P. putida based mono-species biofilms. The occurrence of the live/dead dual 
staining was even visibly increased in the assays in the case of the Ag ions, attesting to a 
superior biofilm-cidal pressure overall (compared to NPs) as also stressed by Bjarnsholt et 
al. (2007) [368] with Ag sulfadiazine on mature biofilms. Fabrega et al. (2009) [314] did 
not report on the Ag ion toxicity, however correlative observations were discussed with 
Zn
2+
 released ions from ZnO NPs elsewhere [288] still in flow-cell reactors. The tested Ag 
NM-300K NPs were not therefore a single case example and, as previously discussed with 
planktonic cultures, the Ag ions were essential to Ag NPs toxicity on biofilm cultures too. 
Interest has been recently shown in investigating NP deposition onto and penetration into 
biofilms. Peulen and Wilkinson (2011) [307] reported that the relative self-diffusion 
coefficients of several NPs (including Ag NPs) were decreased exponentially with the 
square of the NP radius when tested with Pseudomonas spp. static biofilms. Choi et al. 
(2010) [310] showed that Ag NPs were able to penetrate ca. 40 µm in static biofilms in 1 h. 
Regarding the non-static biofilm literature, Miller et al. (2013) [296] showed that 
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distributions of NPs through the biofilms were consistent with diffusive transport and that 
uniform distributions through the thickness were achieved within a few hours. Interactions 
between NPs and biofilms were observed herein (i.e. impact on UV-vis spectra, loss in 
concentration as well as gain in size and negative charges in effluent samples) and 
discussed previously [314]. NP deposition onto and penetration into the biofilms during the 
24 h exposure is therefore likely here. 
The structure and function of P. putida biofilms as well as the composition and properties 
of their extracellular matrix were previously reported as impacted by the surrounding 
nutrients [423, 428]. Here, a “limited” barrier role of the produced matrix by P. putida 
BS566 lux due to the minimal conditions of growth in AW may be hypothesised, enhancing 
further the possible penetration and subsequent impacts of Ag NPs and/or (released) ions. 
Consequently, the toxicity of Ag NM-300K NPs is herein firstly reported on non-static P. 
putida mono-species biofilms and likely to be supported by combined effects of both NPs 
and ions. Interestingly, the dose dependent and sequential impact observed on biofilm 
morphology, viability and activity would support the hypothesis of a NP dose dependent 
bacteriostatic (biofilm-static) and bactericidal (biofilm-cidal) like response from the non-
static biofilms, as only suggested before with static biofilms [289, 293, 294, 298, 310, 424]. 
This would also corroborate the notion of biofilm adaptive stress response already 
described with other toxicants such as disinfectants [82]. 
4.3.1.3 Long term effects or possible biofilm recovery post exposure 
The importance of information regarding the long term effects of NPs has been emphasised 
[72, 314]. Nevertheless, such results using biofilms are still to be reported in 
nanoecotoxicology. Herein, results from P. putida mono-species biofilms assessed 24 h 
post exposure to a single pulse of Ag NPs/ions showed overall recovering patterns on 
biofilm morphology and activity. In the absence of toxic pressure (i.e. the absence of NPs 
within the system during the recovery period was confirmed by AAS), biofilms were 
shown to restructure (i.e. presence of filaments and re-growth of microcolonies). The 
formation of filaments by P. putida was previously reported as an adaptive survival strategy 
in response to hostile conditions of growth [429, 430]. The formation of elongated bacteria 
was equally reported as a typical consequence of DNA damage or envelope stress [431]. 
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Interestingly, variable results and potentially late effects were observed (at 96 h) post 
recovery post exposure to 1 mg L
-1 
Ag NPs. Accordingly to the NP mode of action afore 
hypothesised, some intermediate or threshold concentrations of NPs may then constitute a 
particularly “grey area” where biofilms are highly versatile because literally in between two 
types of response and, in which case, the time becomes another critical factor on top of the 
dose. 
4.3.2 Multi-species biofilms 
Reports on non-static multi-species biofilms are limited in nanoecotoxicology. Fabrega et 
al. (2011) [306] reported significant impacts of Ag NPs at 2 mg L
-1
 on marine biofilm 
volume and biomass without modification of their composition (based on T-RFLP 
profiles). Sheng and Liu (2011) [308] discussed tolerance of wastewater biofilms to Ag 
NPs up to 200 mg L
-1
 and highlighted the protective role of the extracellular matrix. 
Gonzalez et al. (2015) [277] recently reported higher toxicity of Ag ions (compared to Ag 
NPs) to multi-species phototrophic biofilms in a rotating reactor. Here, the potential impact 
of Ag NPs (at 1 µg L
-1
 and 1 mg L
-1
) and Ag ions (at 1 mg L
-1
) to mature wastewater based 
multi-species biofilms was investigated using flow-cell reactors in AW. In the absence of 
visible impact on viability at 1 mg L
-1
 Ag NPs with the mono-species biofilms, the Gram+/- 
staining was thought to be more informative than the live/dead staining for applications 
with multi-species biofilms. In order to limit the artificial COD supported by the C source 
and potentially exacerbate the microbial activity related results, D-glucose was 
supplemented at a lower level (0.05 %, w/v) than the mono-species biofilm work. The 
extracellular matrix and the microbial composition as well as the removal of ammonium 
and phosphorus were in addition studied in case of the multi-species biofilms. 
The original CW sample was pre-cultured in AW to promote microbial adaption to the 
medium and facilitate reproducibility between experiments (i.e. in terms, notably, of state 
of activity of the inoculum). It was demonstrated that such precautions led to evident 
selection of some microbial species. Selection process which also continued over time with 
established biofilms. Direct inoculation with non-pre-cultured wastewater sample could be 
considered in future assays; nonetheless, as not all bacteria can establish biofilms and as 
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some species may be better equipped or simply more abundant than others, some kind of 
selection is unavoidable. 
Multi-species biofilms were shown overall more versatile (even in the absence of the 
toxicants) than the mono-species biofilms herein. Information on composition and activity 
did not show clear impact of NP or ions at tested concentrations. This emphasises the 
extreme complexity of such biological structures and the importance of working with or 
towards more realistic models. In order to propose more accurate analyse of such 
heterogeneous structures, more powerful package than COMSTAT 1 (such as IMARIS) 
may be necessary. COMSTAT 1 especially suffers from segmentation and thresholding 
weaknesses, possibly limiting its applicability to very complex specimen and numerous 
staining. Trials of image analyses are being initiated using IMARIS software (Bitplane) at 
the ESRIC platform (HWU) in order to inform on its beneficial input (or not) for potential 
next assays. Regardless of the package, the analysis of the extracellular matrix never was 
informative in our assays. Higher doses of dyes could have been tested again, but the 
approach suffered above all from the absence of a blue laser (i.e. for which numerous 
matrix dedicated dyes are available) on the used CLSM. Besides, the NGS results appeared 
overall promising and attested to the workability and relevance of the proposed 
methodology, however the lack of replicates obviously limited their global significance. 
Consequently, more work is required here using multi-species biofilms. Nonetheless, the 
preliminary results, attesting to limited impact of Ag NPs at 1 mg L
-1
 in AW based on 
composition (NGS) and activity (removal of D-glucose, ammonium and phosphorus), were 
found to be in line with the rare studies reporting on similar testing [277, 306, 308]. The 
suitability of CLSM compatible flow-cell reactors for testing of Ag NPs (and ions) to 
complex multi-species biofilms under hydrodynamic conditions is therefore already evident 
here. 
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CHAPTER 5: Results - Biosensor based assays 
Nanoecotoxicology is quickly growing but the toxicity testing of NPs remains overall a 
challenging task to complete [16, 44]. Although bacteria are widely used as model 
organisms (§ 1.1.4.2.1), methods based on plating and spectrophotometry have clear 
limitations. Plating is long to perform and lacks accuracy while spectrophotometry is rarely 
suitable for analyses in complex and/or coloured matrices [358, 359]. Approaches 
exploiting the advantages of luminescent genetically modified bioreporters (GMB) have 
emerged [147, 365] offering additional perspectives, but regulations and concerns on 
applicability about GMB limit their broad use and relevance [432]. In the meantime, due to 
an appealing portfolio of advantages (e.g. real-time, label-free, rapid, multiplex, GMB-free, 
using small volumes and generating little waste) and on-going refinements (e.g. 
increasingly operator friendly and compatible with various types of biological materials, 
matrices and configurations), applications of biosensors are expanding. Surface plasmon 
resonance imaging (SPRi) and microcantilever (µCT) are examples of widely used 
biosensor technologies for biomolecular interaction assessment and analyte detection using 
a microarray format [372, 373, 382, 383]. SPRi has proven to be robust over the years via 
the emergence of various instruments, dedicated studies and companies worldwide [370, 
384, 385]; whilst µCT technology has been continuously developed since its 
implementation in AFM [371].  
SPRi applications with bacteria have emerged recently [381, 386-388]. The notion of real-
time monitoring of the bacterial growth by SPRi was first reported by Bouguelia et al. 
(2013) [381] proposing a culture-capture-measure (CCM) method using the advantages of 
specific interactions between monoclonal antibodies microarrays and bacteria (e.g. 
Salmonella enterica and Escherichia coli). Additional applications with various bacteria 
followed using the same method [386, 387]. Concomitantly, Abadian et al. (2014b) [388] 
reported the use of SPRi for the monitoring of E. coli and Pseudomonas aeruginosa biofilm 
attachment, formation and removal.  
The use of SPRi with bacteria has been initiated in ecotoxicology for the testing of 
antibiotics [388] and for the impact assessment of thermal stresses [387]. However, no 
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proof of workability in nanoecotoxicology has yet been reported. In the meantime, the use 
of µCT with bacteria is limited and applications in ecotoxicology and nanoecotoxicology 
still have to be reported. 
Consequently, in collaboration with experts from each field, it was hypothesized that µCT 
and SPRi could independently lead to original high throughput platforms for NP toxicity 
screening. However, not being actually in use in the host laboratory, the µCT based system 
was first appropriately set-up and calibrated. Then, in the presence of the bacteria only, 
despite the chamber became turbid over time no growth curve was registered via the 
system. Numerous trials were performed (considering different options of inoculation and 
culture) without being successful. In the absence of encouraging results (i.e. ability of 
monitoring the bacterial growth) using a single and non-functionalised µCT after several 
attempts, the short term collaboration was terminated. Assays in the presence of NPs were 
finally not considered. In light of the above, it was therefore decided not to report the 
corresponding results in the thesis core. Examples of result can be found in Appendix E 
(Fig. S5.1, S5.2 and S5.3). This chapter therefore reports exclusively the results from the 
SPRi based assays operated in collaboration with Dr Thierry Livache and co-workers at 
CEA-Grenoble (France). All experiments were designed, performed and analysed by the 
author of the thesis with the support of the host team.  
5.1 Surface plasmon resonance imaging technology 
Considering the work previously reported with P. putida BS566 lux using both planktonic 
and biofilm approaches, the SPRi technology was implemented first with P. putida KT2440 
(the clearance for shipping/working with the GMB being refused). Because assays with 
such bacteria had never been performed by the host laboratory, the use of alternative 
validated models (S. Enteritidis, S. epidermidis and their related specific antibodies) was 
also anticipated.  
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5.1.1 Pseudomonas putida 
The results from the SPRi based assays piloted with P. putida KT2440 (at 10
5
 CFU mL
-1
, 
in LB medium at 28 °C) using two different specific antibodies (ab38825 and ab68538) in 
the absence of the toxicants in replicated experiments are shown in Fig. 5.1.  
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Fig. 5.1: P. putida growth monitoring by SPRi in the absence of the NPs/ions. The normalised 
variation of reflectivity over time from the P. putida specific antibody bearing spots obtained by SPRi is 
shown in A. The results with two different antibodies are reported, (ab38825 in orange) and (ab68538 in 
blue), from two independent trials (full and dash lines). Examples of registered differential images at 4 h with 
both antibodies are shown in B; KLH being a non-specific antibody used as control. 
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As shown in Fig. 5.1 A, overall no clear positive signals (i.e. growth curves) were obtained 
from the specific antibody bearing spots. As confirmed by the differential images proposed 
in Fig. 5.1 B, no clear bacterial deposition (i.e. surface interaction, marked by white “dots”) 
was apparent on the ab38825 antibody. The ab68538 showed more specific behaviour as 
surrounding bacteria were visible and as the corresponding signal tends to mimic a growth 
curve; however this happened only once and occurred to be of very low amplitude to be 
really workable. 
Consequently, none of the two tested (and only commercially available) specific antibodies 
for P. putida led to convincing interaction with the bacteria when used in SPRi in the 
absence of the NPs or ions. No typical growth curve was obtained despite the suspension 
extracted from the chambers was turbid at the end of the experiment and that the presence 
of bacteria within the chambers was visible on the recorded differential images (Fig. 5.1 B, 
white dots). 
In the absence of evident interaction between bacteria-antibodies in several independent 
experiments (each using fresh batches of all materials), no further assays or developments 
were considered with P. putida within the short term collaboration. No toxicity testing of 
NPs could be performed. However, further assays were then performed with validated 
models by the host laboratory.  
5.1.2 Salmonella Enteritidis 
5.1.2.1 Growth monitoring in the absence of the NPs/ions 
The results obtained by SPRi for S. Enteritidis are shown in Fig. 5.2 A. The real-time 
growth monitoring of S. Enteritidis generated a typical exponential plot on the specific 
antibody (SE103) bearing spots. This was characterised by a detection time (TD) derived at 
4.6 ± 0.2 h with a starting bacterial inoculum concentration of 97 ± 7 CFU mL
-1
 (mean ± 
SEM, n = 5). Overall, a low variability was obtained around the first inflection point of the 
growth curve, supporting the use of the derived detection times (TD). Further details of the 
data processing are shown in Fig. 5.3, from which the quality of the spots, the specificity of 
interaction of S. Enteritidis with SE103 and the consistency of the generated data between 
the replicates were confirmed.  
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It can also be noticed that, with time (i.e. after 8 - 9 h of monitoring for the control case), 
the signal tends to occur on the spots bearing non-specific antibodies as exemplified by the 
differential image registered at 10 h (Fig. 5.3 A). This marks the saturation of the system 
when the bacterial population colonise completely the chamber and therefore interact with 
everything in a non-specific manner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2: S. Enteritidis growth monitoring in the absence of the NPs/ions. The normalised 
variation of reflectivity over time from the SE103 specific antibody bearing spots (i.e. the S. Enteritidis 
growth curve) obtained by SPRi is shown in A (▬). The detection times (TD) were obtained from the peak of 
the derivative curves (─). The output data (in CFU mL-1 terms) from the S. Enteritidis growth monitoring 
obtained by plating are shown in B (●). The generation times (TG) were calculated from the linear fit (─) on 
the exponential part of the curves. Data are mean ± SEM. 
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Fig. 5.3: SPRi data processing. Example of results from replicated specific (SE103) and non-specific 
(KLH) spots (i.e. from the same biochip) is shown in A along with a corresponding differential image. The 
corresponding averages of both signals are shown in B. The normalised SE103 specific sensorgram resulting 
from the subtraction of the KLH information is shown in C.  
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As characterised by plating (Fig. 5.2 B), S. Enteritidis exhibited a generation time (TG) of 
18.9 ± 0.6 min in the linear part of the growth curve. The SPRi detection threshold has 
already been shown to be in the 10
5 
- 10
6
 CFU mL
-1
 range with bacteria [381, 387]. Starting 
from ca. 10
2
 CFU mL
-1
,
 
the 10
5 
- 10
6
 CFU mL
-1
 range was expected to be reached after 4 to 
5 h of growth; the plating information is therefore supporting the aforementioned SPRi 
results. 
5.1.2.2 Toxicity testing of the Ag ions 
The impact of the Ag ions (tested at 0, 0.01, 0.1, 1 and 10 mg L
-1
) on the growth of S. 
Enteritidis (starting at 10
2
 CFU mL
-1
) in LB medium at 37 °C using the SPRi is shown in 
Fig. 5.4 A. The comparative results obtained via plating are presented in Fig. 5.4 B.  
A dose dependent impact of the Ag ions on S. Enteritidis TD was observed using the SPRi 
(Fig. 5.4 A). More specifically, TD ca. 7.2 h were calculated at 1 mg L
-1
 (i.e. delayed by ca. 
2.6 h compared to the non-exposed control). Interestingly, the shape of the SPRi growth 
curves (i.e. the slope of the exponential parts) was not affected, which would suggest that 
early and temporal antimicrobial effects impacted the bacterial population. No clear 
impacts were detected at 0.01 and 0.1 mg L
-1
. No growth was obtained at 10 mg L
-1
. 
As shown by plating (Fig. 5.4 B), the Ag ions were lethal at 10 mg L
-1 
(i.e. clear impact 
from 2 h of exposure without recovery up to 24 h). A temporary impact was shown at 1 mg 
L
-1
 characterised by a delayed growth with a detrimental effect during the first hours of 
exposure (TG ~ 260 min at 1 mg L
-1
 versus 40 min at 0 mg L
-1
 for the 0 - 2 h time window), 
followed by recovery over time. No difference from the control was visible at 24 h. A delay 
of two logs (in CFU mL
-1
 terms) resulted at 4 and 6 h, compared to the control. No visible 
impact was observed at 0.01 and 0.1 mg L
-1
.  
Overall, the plate count supports the aforementioned shift in TD (but unchanged curve 
shapes) obtained by SPRi in the same condition of exposure (Fig. 5.4, arrows) as well as 
the hypothesis of a temporal antimicrobial effect of the Ag ions to explain the results 
obtained in the tested regime. 
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Fig. 5.4: S. Enteritidis growth monitoring in the presence of the Ag ions. The output data from the 
S. Enteritidis growth monitoring operated by SPRi (∆R, in % terms) and by plating (in CFU mL-1 terms) in 
the presence of 0, 0.01, 0.1, 1 and 10 mg L
-1
Ag ions are shown in A and B, respectively. The corresponding 
detection times (TD) are indicated in the SPRi case (i.e. N/A stands for non-applicable). The calculated times 
of generation (TG) for the 1 mg L
-1
 exposure condition are proposed for the plating case. 
 
5.1.2.3 Toxicity testing of the Ag NPs 
Comparatively, the Ag NPs (Fig. 5.5 A) were found to be ten times less toxic than the Ag 
ions. In accordance with the plating results (Fig. 5.5 B), exposure to 10 mg L
-1
 Ag NPs led 
to shifted S. Enteritidis TD from 4.6 h to 7.5 h in SPRi whereas no visible effects were 
obtained at 0.1 and 1 mg L
-1 
(Fig. 5.5 A). The shape of the SPRi growth curves was visibly 
affected (i.e. in a dose dependent manner) by the presence of the Ag NPs. 
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Fig. 5.5: S. Enteritidis growth monitoring in the presence of the Ag NPs. The output data from the 
S. Enteritidis growth monitoring operated by SPRi (∆R, in % terms) in the presence of 0, 0.1, 1, 5 and 10 mg 
L
-1
 Ag NPs are shown in A. The corresponding detection times (TD) are indicated. Results obtained by plating 
are shown in B. The calculated times of generation (TG) for the 10 mg L
-1
 exposure condition are proposed 
too. 
 
As presented in Fig. 5.6, this effect was limited by performing assays in inverted SPRi 
systems, even when using more concentrated bacterial inoculum (i.e. 10
5
 instead of 10
2
 
CFU mL
-1
). Using an alternative configuration of the SPRi system modified the testing 
conditions, therefore also slightly changing the TD eventually derived from the assays (i.e. 6 
h for the control at 10
2
 CFU mL
-1
, shifted at 7.5 h when exposed to the Ag NPs at 10 mg L
-
1
). Most importantly, the whole results demonstrated that the possible signal interference 
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due to the NPs per se was in any case a limitation for the direct data analysis (Fig. 5.5 A) or 
for further SPRi applications (Fig. 5.6). 
 
 
 
 
 
 
 
 
 
Fig. 5.6: S. Enteritidis growth monitoring in the presence of the Ag NPs by inverted SPRi. The 
normalised variation of reflectivity over time (from the SE103 specific antibody bearing spots) obtained by 
inverted SPRi in the presence of 0 and 10 mg L
-1
 Ag NPs, starting from 10
5
 or 10
2
 CFU mL
-1
, is shown above. 
 
5.1.2.4 Impact of the bacterial population size 
As suggested in Fig. 5.6 with the Ag NPs, the original bacterial loading (in CFU mL
-1
 
terms) influenced greatly the output results:  the largest population being detected first and 
being less altered by the exposure compared to the smallest population. This was further 
investigated using the Ag ions (i.e. as being overall an easier model material to handle than 
the NPs).  
The impact of a selected effective concentration (i.e. 1 mg L
-1
) of Ag ions was tested via 
SPRi on credential bacterial population sizes: 10
2
, 10
3
, 10
4
 and 10
5
 CFU mL
-1
. As shown in 
Fig. 5.7, the non-exposed controls exhibited TD ca. 1.3, 2.2, 3.3 and 4.5 h (i.e. the largest 
population being detected first). When exposed to the Ag ions at 1 mg L
-1
, the 
corresponding TD were obtained: 2.2, 3, 4.5 and 6.8 h, respectively. The amplitude of the 
characterised shifts was not different at 10
5
 and 10
4
, but slightly increased then at 10
3
 and 
10
2
. In any case the slopes were visibly affected. Overall here, 1 mg L
-1
 Ag ions “impacted” 
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ca. 10
1
 CFU mL
-1
 of S. Enteritidis during the early stages of the exposure before life took 
over with more or less difficulties depending on the affected relative proportion (a fifth, a 
fourth, a third, or a half) of the population. 
Fig. 5.7: Impact of the S. Enteritidis population size on the toxicity testing outputs. The 
normalised variation of reflectivity over time obtained by SPRi using S. Enteritidis at 10
5
 10
4
 10
3
 and 10
2
 
CFU mL
-1 
in the presence of the Ag ions at 0 and 1 mg L
-1
 is shown. 
 
5.1.2.5 Pilot assays with other NPs 
Additional assays were performed with S. Enteritidis (at 10
5
 CFU mL
-1
, in LB medium at 
37 °C) testing the potential toxicity of ZnO NPs and related Zn ions (Fig. 5.8) and of TiO2 
NPs (Fig. 5.9). 
Regarding the ZnO/Zn case, TD ca. 6 and 7.5 h were derived for S. Enteritidis exposed to 
the Zn ions at 100 mg L
-1
 and to the ZnO NPs at 200 mg L
-1
, respectively. Both the ions 
and the NPs therefore exhibited evident toxicity. The ZnO NPs however showed to 
generate interferences as previously mentioned with the Ag NPs.  
Interestingly, Zn ions at 100 mg L
-1
 temporarily impacted S. Enteritidis whereas 10 mg L
-1
 
of Ag ions were definitively lethal. Similarly, higher concentrations of ZnO NPs were 
applied to observe any toxicity when compared to the Ag NPs. Consequently, Ag (i.e. NPs 
and ions) was shown overall more toxic to S. Enteritidis than Zn (i.e. NPs and ions) using 
SPRi. 
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Fig. 5.8: S. Enteritidis growth monitoring in the presence of the ZnO NPs and Zn ions by 
SPRi. The normalised variation of reflectivity over time obtained by SPRi using S. Enteritidis at 105 CFU 
mL
-1 
in the presence of the ZnO NPs at 200 mg L
-1
 and of the Zn ions at 100 mg L
-1
 is shown. 
 
 
 
 
 
 
 
Fig. 5.9: S. Enteritidis growth monitoring in the presence of the TiO2 NPs by SPRi. The 
normalised variation of reflectivity over time obtained by SPRi using S. Enteritidis at 10
5
 CFU mL
-1 
in the 
presence of the TiO2 NPs at 100 and 200 mg L
-1
 is shown. 
 
In the TiO2 case, the NP exposed S. Enteritidis exhibited an atypical pattern with inverted 
output signals (i.e. possibly in a dose dependent manner) compared to the control and to 
what was observed so far using the SPRi. The atypical signal pattern was attributed to 
bacteria accessing the surface of the biochip through a “layer/film” of poorly suspended 
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and therefore depositing NPs. As such, by finally interacting with the specific antibodies 
over time the bacteria may “clean” from NPs those specific areas consequently reversely 
modifying the local refractivity index of those ones (i.e. which were previously dictated by 
the sole NPs in a dose dependent manner). The derived TD for the control and under the 
exposure to the TiO2 NPs at 200 mg L
-1
 were similar, the growth curves were almost 
symmetrical, the toxic effect of the TiO2 NPs to S. Enteritidis appeared therefore very 
unlikely here. As such, the tested TiO2 NPs were shown to be less toxic than both ZnO and 
Ag NPs using SPRi. 
Toxic effects to S. Enteritidis as well as signal interferences were also observed using 
polystyrene NPs (data not shown). The NP based signal interferences were therefore not a 
specificity of the metal based NPs (e.g. Ag, ZnO and TiO2). 
5.1.3 Staphylococcus epidermidis 
The processed data from the SPRi based assays with S. epidermidis (at 10
5
 CFU mL
-1
, in 
LB medium at 37 °C) are shown in Fig. 5.10. Dose dependent effects were monitored with 
derived TD shifted from ca. 4 h for the control to ca. 6, 12 and 16 h with exposure to Ag 
ions at 1.25, 2.5 and 5 mg L
-1
 respectively (Fig. 5.10 A). Similarly to the previously 
obtained results on S. Enteritidis, the slopes of the output signals were not significantly 
affected compared to the non-exposed control for S. epidermidis. No toxicity was observed 
at 0.1 mg L
-1 
Ag ions; no growth was obtained at 10 mg L
-1
 Ag ions (data not plotted). 
Selected differential images are presented in Fig. 5.10 B demonstrating the spot quality, the 
dose (and consequently time) effect on the specific signal appearance, and the progressive 
saturation of the SPRi system (i.e. due to the bacteria colonisation leading to an out of 
range optical index saturating the apparatus, as mentioned previously with S. Enteritidis but 
clearly and timely exemplified here).  
No toxic effects of the Ag NPs were observed up to 1 mg L
-1
 then non-conclusive results 
were obtained due to interferences occurring above this concentration. 
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Fig. 5.10: S. epidermidis growth monitoring by SPRi in the presence of the Ag ions. The 
normalised variation of reflectivity over time from the S. epidermidis specific antibody (i.e. KPL) bearing 
spots obtained by SPRi in the presence of the Ag ions at 0, 1.25, 2.5 and 5 mg L
-1
 is shown in A. Four 
examples of registered differential images over time of the whole biochip (encompassing four independent 
chambers with nine spots each) are shown in B. Each image (annotated from a to d) approximatively 
corresponds to a TD derived from A. The S. epidermidis specific spots were framed in B matching the 
coloured legend proposed in A; the non-framed spots are non-specific negative controls (e.g. KLH). 
0 2 4 6 8 1 0 1 2 1 4 1 6
0 .0
0 .5
1 .0
T im e  (h )

 R
e
fl
e
c
ti
v
it
y
 (
%
)
0  m g  L
-1
1 .2 5  m g  L
-1
2 .5  m g  L
-1
5  m g  L
-1
a
0    
2.5   
1.25    
5  
0    
2.5   
1.25    
5  
0    
2.5   
1.25    
5  
b c
d
0    
2.5   
1.25    
5  
a . (~ 4 h ) b . ( ~ 6 .5 h )
c . ( ~ 1 2 h ) d . (~ 1 6 h )
A .
B .
Chapter 5: Results - Biosensor based assays 
129 
 
5.2 Discussion 
5.2.1 The big picture 
Overall, the proof of workability of SPRi for testing of Ag NPs and ions was reported on 
different bacteria (S. Enteritidis and S. epidermidis) in LB. Further assays would be 
necessary to propose, in addition, fully conclusive outputs testing ZnO (and related ions) 
and TiO2 NPs. Preliminary data nonetheless attested to coherent trends in terms of toxicity 
with possible impact of ZnO and no effect of TiO2 NPs, respectively. Being different from 
the working wavelength of the SPRi apparatus, the intrinsic SPR properties of tested NPs 
never were an issue. Signal interferences from NPs were nonetheless encountered and were 
attributed to an amplified sedimentation of NP-bacteria aggregates [35] occurring 
especially on the specific spots and eventually flattening the output SPRi signals. Such 
interferences were circumvented by using inverted SPRi systems. In the absence of 
reported studies using SPRi in nanoecotoxicology, no direct comparison could be 
performed. 
5.2.2 S. Enteritidis  
Looking at, especially, the growth monitoring of S. Enteritidis in the absence of the NPs, 
the reported information here corroborates results discussed elsewhere in buffered peptone 
water using the same bacterial model [381]. The toxicity of Ag ions and NPs was 
respectively reported from 2 and 20 mg L
-1
 for Salmonella spp. elsewhere via plating [407]. 
The reported SPRi results (i.e. clear and comparable effects of Ag ions and NPs at 1 and 10 
mg L
-1
, respectively) appear most of all in line with the main trends in nanoecotoxicology 
and therefore attest to the relevance and suitability of the SPRi technique for the testing of 
NPs and related ions. The SPRi results were characterised by shifted signals in the presence 
of effective doses of NPs, attesting to early antibacterial effects of NPs (and ions) as 
previously reported herein using planktonic based approaches (e.g. plating with S. 
Enteritidis and bioreporting with P. putida BS566 lux). Similar observations (e.g. signal 
shifts and early effects of NPs) were reported elsewhere with various bacteria using OD 
monitoring [146, 433]. 
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5.2.3 S. epidermidis  
No comparable results were reported before using S. epidermidis. Result quality was found 
overall inferior with S. epidermidis compared to S. Enteritidis. This is essentially attributed 
to the strength of interaction bacteria-antibodies as high specificity gives high output signal 
and low background, so cleaner data overall; and conversely. In terms of toxicity, further 
assays would be necessary here to propose fully conclusive (and comparable) outputs 
testing both NPs and ions with S. epidermidis. 
5.2.4 P. putida 
In the used SPRi approach (i.e. CCM, patented) antibodies are critical. They may allow 
specific recognition and work in multi-species environments; however availability of 
specific enough antibodies is limited and sometimes rather expensive to consider larger 
applications. In addition, potential impacts of NPs to, directly, the antibodies (and their 
properties) may be questioned and shall be assessed in future work. Consequently, 
alternative approaches may be anticipated here as un-functionalised [388] or for example 
carbohydrate-functionalised [386] surfaces may also be suitable for work with bacteria. 
P. putida was, unfortunately, the perfect example of the actual main limitation of SPRi 
using the CCM method as in the absence of a workable specific antibody the testing simply 
cannot be performed. Two commercialised antibodies were tested, unsuccessfully; no more 
options were then available except developing on purpose the needed antibody from the 
strain of interest. An option which was not coherent with the short collaboration terms, 
hence the aforementioned work on pre-validated models (S. Enteritidis and S. epidermidis) 
by the host laboratory. 
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CHAPTER 6: General discussion 
This chapter aims to highlight the novelty, relevance, advantages and limitations of the 
performed research.  
6.1 Planktonic based assays 
This work aimed to evaluate the suitability of the P. putida BS566 lux bioreporter based 
switch-off approach for the screening of NP toxicity in both artificial (i.e. laboratory) and 
real matrices. First, four commonly used inorganic NPs (Ag, ZnO, CuO and TiO2) were 
tested in nutrient rich undefined laboratory medium (LB) and in minimal defined artificial 
wastewater simulating effluent (AW). Second, the NPs exhibiting toxicity in AW were 
further tested in real crude and final wastewater samples (CWs and FWs) and subjected to 
ageing. When applicable, ecotoxicity results were related to NP characterisation 
information as assessed by DLS, UV-vis and AAS in each matrix of exposure. 
P. putida is a common model microorganism in environmental science (e.g. water and soil); 
its sensitivity to NPs was previously reported [113, 185, 209, 219] and its suitability for 
performing testing in real matrices was anticipated [367]. LB is a very common growth 
medium in microbiology, widely used in testing too despite being far from ideal (i.e. as 
being first undefined and second rich in proteins which may lead to capping of NPs). AW is 
comparable to various other synthetic wastewaters simulating effluent [392, 393] and 
presents the main advantages to be defined (can be easily modified if necessary), clear 
(limiting optical interferences) and protein-free (limiting potential interaction with NPs). 
CWs, exhibiting BOD and TSS loadings ca. 200 mg L
-1
 were representative of medium 
urban influent wastewaters. The characteristics of used FWs were in compliance with the 
European directive 91/271/EEC. Samples from four different WWTPs were used across 
different seasons (February to July). The tested NPs (except for CuO) were representative 
materials from the European Commission (Ag NM-300K, ZnO NM-110, TiO2 NM-104). 
Complementing an extensive literature on E. coli (§ 1.1.4.2.1 and 1.1.4.2.2), the data on P. 
putida BS566 lux demonstrated: ranking of toxicity of tested NPs (Ag, ZnO and TiO2) in 
LB (i.e. Ag being the most toxic), the higher toxicity of ions compared to NP counterparts 
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(when applicable), clear impact of the matrix of exposure on NP toxicity and characteristics 
using LB and AW then CW and FW (i.e. NPs were shown less toxic in real than artificial 
matrices and also found less toxic in CW than FW), and the importance of ageing (i.e. NPs 
were found susceptible to ageing in CW exclusively). No such assays using GMB were 
reported before in real wastewaters, neither were the tests of ageing. Consequently, the 
methodology presented here has shown to be a rapid and an inexpensive solution for high 
throughput toxicity testing assays of NPs in both artificial and real matrices, generating new 
data and offering new possibilities for acute testing. Additional work with various materials 
(e.g. type, size, shape) may be anticipated. The acute testing in FWs and CWs with TiO2 
NM-104 and ZnO NM-110 NPs did not result in clear toxicity patterns (data not shown). 
Complementary studies with the same bioreporter in different matrices or with other 
bioreporters in comparable matrices are of interest for the development of arrays of broader 
applicability. In times where the lack of appropriate, simple and standardised procedures is 
largely stressed in nanoecotoxicology [75], such methodology should be diligently taken 
into account for performing acute testing of pristine and aged NPs.  
6.2 Biofilm based assays 
This work aimed to assess the toxicity of selected NPs to mature (i.e. established and fully 
hydrated) biofilms under hydrodynamic conditions in AW. In light of the planktonic results 
in AW, the case of Ag NPs was prioritised with biofilms. First, the temporal impact of Ag 
NM-300K NPs (and related ions) on P. putida BS566 lux based mono-species biofilms was 
investigated using a flow-cell system. Biofilm morphology, viability and activity were 
upraised ante and post exposure to NPs as well as post recovery 24 h after exposure. 
Second, testing assays with multi-species biofilms were piloted using real wastewaters 
(CWs) as inoculum. Further biofilm characterisation using NGS was notably considered in 
the multi-species biofilm case. When applicable, ecotoxicity results were related to NP 
characterisation information as assessed by DLS, UV-vis and AAS within the scenario of 
exposure as well as compared to the aforementioned planktonic information. 
Although well described and still improving [362, 363], macrofluidics systems as the flow-
cell reactors used here may still appear difficult to assemble and perform. At the present 
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time, there are scarce applications in nanoecotoxicology with non-static mono-species 
biofilms in such systems and simply none with multi-species biofilms. In light of this, we 
first demonstrated the clear workability of flow-cell reactors for testing of NPs with both 
mono and multi-species biofilms; investigating scarcely studied mechanisms and proposing 
original information in the domain. Complementing an emerging area of research 
(§1.1.4.2.1 and 1.1.4.2.3), the data reported herein demonstrated: the higher resilience of P. 
putida mono-species biofilms compared to planktonic cultures, the possible recovery of 
biofilms post-exposure to NPs, the higher toxicity of ions compared to NP counterparts, a 
mode of action of NPs partly driven by the released ions, and the complexity but high 
relevance of developing further multi-species biofilm based assays. A plethora of short and 
long term as well as single and multiple pulse based scenarios of exposure with various 
NPs along with ageing and recovery assessment could be piloted from the information 
reported herein. In addition new free packages such as COMSTAT 2 (running with 
ImageJ), dedicated to the characterisation of biofilms and more friendly to use than 
previous versions (e.g. COMSTAT 1, used herein with Matlab), have been made available 
in 2015 by the DTU (Lyngby, Denmark); facilitating the analysis of registered z-stacks.  
The biofilm activity assessment was piloted herein using a D-glucose based monitoring. As 
the sole carbon source of the system in AW, D-glucose utilisation appeared as a critical 
marker of the biofilm behaviour. Considering there is 1.07 mg of COD per mg of D-
glucose [395], the theoretical COD removal activity may be estimated too. Being quicker, 
less sample consuming and easier to perform than the COD quantification; the D-glucose 
monitoring was preferred across conditions and experiments. Based on the original loading 
of D-glucose (0.5 %, w/v), ecotoxicity assays were performed in AW with an equivalent 
COD loading of ca. 5000 mg L
-1
, corresponding to a high concentration case scenario. The 
use of D-glucose (in the 0.5 % range, w/v) was reported before [314, 368, 369] in a similar 
AB trace minimal medium, minimal Davis medium or M9 medium. Similar loadings were 
therefore used herein to facilitate comparison with those studies. However, the monitoring 
of the C source utilisation and its correlation to COD information was not considered 
before.  
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6.3 Biosensor based assays 
This work aimed to explore the putative suitability of biosensor technologies for 
performing testing of NPs to bacteria. Main application of NPs is the development of 
biosensors [16], however the use of biosensors for performing toxicity testing of NPs is not 
reported yet. Advantages of biosensor technologies are numerous though [370, 373, 375, 
384, 385, 434]. As µCT and SPRi technologies had already shown workability for real-time 
growth monitoring of microorganisms (e.g. planktonic bacteria and yeasts as well as 
bacterial biofilms) trials with both approaches were envisaged in collaboration (i.e. short 
term) with experts from each domain. All assays were performed in host laboratories with 
the non-GMB P. putida KT2440 screening, when possible, toxicity of NM series NPs from 
the OECD in LB as a starting point.  
The proof of workability of SPRi for real-time testing of NPs (Ag, ZnO, TiO2) and ions 
(when applicable) to bacteria was demonstrated for the first time here. Additional assays 
based on various strains, media, and chemicals using inverted SPRi systems (with or 
without fluidics) and antibody or carbohydrate functionalised biochips are continuing in the 
host laboratory. Interestingly, the µCT approach seemed to be both very close and very far 
from being successful. Very close because the proof of concept in monitoring the growth of 
microorganisms such as yeasts had already been reported by our collaborators [377] (as 
well as non-published yet NP testing assays with mammalian cells) and because above all 
the µCTs were no more than other reactive gold coated surfaces such as the biochips used 
in SPRi. Very far because the µCT system was not running anymore when the collaboration 
started, because bacteria are simply not like yeasts (P. putida are motile and yeasts may be 
quite big compared to bacteria) and because the first (and simplest) approach did not 
involve surface functionalisation of the µCT (e.g. with antibodies as performed in SPRi) as 
it was not trivial procedure in the host laboratory. In addition, all the assays herein were 
performed on a single µCT format, whereas multiple µCTs in parallel in independent 
chambers would be necessary to assess several concentrations (regardless of the toxicant) at 
the same time; along with the appropriate light output monitoring equipment. 
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The µCT related literature is abundant [371, 375], forms, applications and ways of 
functionalisation are numerous; nonetheless the technology still seems simply too “young” 
compared to others, especially to SPRi. Experts agreed that µCTs were far from portable or 
on field applications for example (personal communication from Dr Will Shu, HWU) 
whereas SPRi was up to such challenges (personal communication from Thibaut Mercer, 
founder of PrestoDiag, French company commercialising ready to use SPRi based kits for 
rapid detection of bacterial pathogens in food matrices). Consequently, the µCT may be 
suitable for toxicity testing of NPs with bacteria, however this may require dedicated and 
long term projects as well as some specific developments (as aforementioned) to be 
demonstrated.   
The possibility to exploit only part of what biosensors promise is already appealing enough 
to consider risking original applications, as reported herein. In the biosensor domain, any 
small proof of concept may thereafter lead to small technological revolutions ending on 
new or different ways to do things (e.g. test the toxicity of a chemical candidate to a 
bacterial target). Whereas the µCT system used was an in-house prototype system, the SPRi 
system (as well as the biochips which may be bought pre-functionalised if necessary) is 
fully commercialised for years and continuously improving making its use relatively easy 
nowadays. Applications in complex matrices were already reported too [381, 387]. 
Improved SPRi apparatus (with higher wavelength for example) may allow better 
resolution so higher sensibility and potentially work with, eventually, very little amount of 
cells. The first used of SPRi for testing of NPs to bacteria reported here is therefore likely 
to be challenged and further developed quickly. 
6.4 Overall trends 
As previously mentioned (§ 1.1.1), WWTPs were suggested as central but temporal 
recipients of manufactured NPs [29, 31, 33]. Environmental concentrations of Ag, ZnO, 
and TiO2 NPs ca. 10
-2
 - 10
-3
 µg L
-1
, 10
-2
 µg L
-1
 and 10
0
 - 10
-1
 µg L
-1
 were recently reported 
in surface waters [7, 28]. Those authors also discussed concentrations of same respective 
materials ca. 10
-1
 - 10
-2
 µg L
-1
, 10
-2
 µg L
-1
 and 10
-1
 µg L
-1
 in effluent wastewaters.  
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In light of the data reported here, disregarding massive accidental or intentional discharges 
of NPs, there are still at least theoretically several orders of magnitude between expected or 
measured environmental concentrations of NPs and their threshold for toxicity on 
planktonic cultures (at least on bacteria). In addition, tested TiO2 and ZnO NPs were not 
observed to be toxic in AW following the experimental approach used in this study. Their 
environmental adverse effects might be therefore very limited in real matrices. ZnO NPs 
were nonetheless observed toxic in classical laboratory medium (i.e. LB), hence the 
importance to test NPs in more realistic matrices and to promote the methodologies suitable 
for such assessment, as proposed here. As a counterexample, despite the erratic variability 
of E. coli in distilled water has been clearly demonstrated [217] toxicity assays in water or 
sodium chloride supplemented water (i.e. poorly representative of real matrices) have been 
frequently reported (§ 1.1.4.2). The case of CuO NPs could not be clearly studied herein. 
Conversely, Ag NPs were quite extensively studied and found to be the most toxic NPs 
overall. They showed consistent toxicity to planktonic cultures in LB and AW, and their 
further testing in real wastewaters showed they were less toxic in CWs than FWs. Their 
adverse effect might be therefore more detrimental to the environment if released. It is 
likely that the tested Ag NPs were less subject to agglomeration and more protected from 
matrix effects due to being provided as suspension in a dispersant compared to the other 
NPs which were supplied as powders. However, for industrial and commercial purposes, 
NPs are likely to be used (and ultimately released) in combination with dispersants or 
stabilisers in order to preserve or enhance their physico-chemical properties. Fate and 
toxicity of NPs following actual release from waste streams and industrial processes are 
likely to be different from their pristine counterparts especially when tested in laboratory 
media. Correspondingly, we demonstrated that Ag NPs were less toxic and more subject to 
aggregation with ageing in CWs, exclusively.   
Despite morphological impacts being found from 0.01 mg L
-1
 Ag NPs, we in addition 
demonstrated that P. putida mono-species biofilms exposed to pristine Ag NPs (up to 100 
mg L
-1
) in AW were overall capable of morphological recovery within only 24 h. The 
microbial activity was not found significantly affected below 1 mg L
-1
 and was also 
subjected to recovery. Using wastewater based multi-species biofilms, preliminary assays 
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did not lead to clear impacts on communities composition or activity up to 1 mg L
-1
 Ag 
NPs. Similar results were discussed with marine and wastewater multi-species biofilms 
elsewhere [306, 308]. Herein, the importance of the ions in the toxicity of Ag NPs to 
biofilms was nonetheless highlighted. The literature discussing significant impact of NPs to 
WWTPs refer to concentrations above the mg L
-1
 range using pristine NPs [288, 308, 405, 
414, 435]. Retention times of CWs may count from hours to weeks and Ag, especially, was 
also shown sulphidised and interacting with organic matters in natural waters and 
wastewaters in some hours elsewhere [411, 416, 421, 436]. Consequently, overall 
information suggests that the eventual impacts of released and aged Ag NPs below the mg 
L
-1
 range to bacterial structures (e.g. planktonic and biofilm cultures) may be limited in real 
wastewaters at the present time. Although there is clearly controversy on the risks and 
benefits of Ag NP containing consumer and healthcare products [437], the global impact of 
Ag NPs to WWTPs (i.e. their actual toxicity in CWs) may be therefore limited at the 
present time [68]. 
The concentrations of NPs tested herein may be thought unrealistically high compared to 
reported environmental concentrations, but as a matter of fact they represent the range of 
sensitivity of bacteria to NPs as extensively reported in the literature. This current 
difference should rather be seen as “good news” for the environment, considering a 
bacterial standpoint. Interestingly, those concentrations are comparable to the effective 
doses (ca. 1 - 10 µg mL
-1
 or mg L
-1
 for Ag NPs) reported in nanotoxicology using 
mammalian cells (e.g. neutrophil, lymphocyte, macrophage) [174]. The membrane 
protecting both bacteria and mammalian cells definitively plays a crucial role in their 
tolerance against toxicants; maybe more again in the case of bacteria as no endocytosis 
mechanism is reported compared to the mammalian cells. Surprisingly, bigger and 
apparently more robust models such as algae or crustaceans finally appear more sensible 
than bacteria because of their feeding based on the filtration of their environment (i.e. 
therefore dropping their actual physical protection). Consequently, though located at the 
bottom of the aquatic food chain bacteria are unlikely to be the most dramatically affected 
by NPs at the present time. However, because of the advantages of using bacteria as 
bioreporters for microbiological (e.g. environmental and clinical) testing, they definitely 
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offer relevant opportunities as high throughput screening and patterning tools for 
standardised assessment of NPs in various matrices, including real and complex ones. 
In addition, as demonstrated here, using biosensors technologies such as SPRi further 
developments with bacteria are possible in nanoecotoxicology. New high throughput, real 
time, label and GMB-free, automotised and/or portable ways of performing testing of NPs, 
especially investigating the kinetics of interaction between bacteria and NPs may be 
anticipated. Validated already using other types of cell than bacteria (e.g. mammalian 
cells), application of SPRi may be transferred in nanotoxicology. Others platforms, for 
example based on µCTs, optical fibres and microfluidics, are likely to emerge in near 
future. 
 
Chapter 7: Conclusions and Future Work 
139 
 
CHAPTER 7: Conclusions and Future Work 
7.1 Conclusions  
This work aimed to explore and compare (when possible) new planktonic, biofilm and 
biosensor based bacterial assays for NP toxicity testing with an ecotoxicological 
prospective.  
7.1.1 Hypothesis 1 
First, it was hypothesised that bacterial bioreporters originally isolated from environmental 
matrices such as the P. putida BS566 lux would be suitable for NP testing in real matrices 
such as wastewaters. 
Ecotoxicity of various NPs (and related ions when applicable) was assessed using a switch-
off methodology (i.e. planktonic) based on the P. putida BS566::luxCDABE bioreporter in 
LB and AW. Results showed a global ecotoxicity ranking depending on the type (i.e. with 
toxicity of Ag > ZnO > CuO and TiO2 NPs) and form (i.e. with toxicity of ions > 
nanoparticles) of the tested material as well as on the matrix of exposure (i.e. only Ag NPs 
were toxic in AW). The inconsistent behaviours of the tested NPs were closely associated 
with, especially, versatile underlying aggregation/agglomeration and dissolution 
phenomena between matrices. CuO NPs (and related ions) were not found toxic due to, 
most likely, expressible Cu resistance genes by P. putida. The toxicity of Ag NPs was 
further reported in real wastewater samples and shown to be different in CW and FW. More 
specifically, Ag NPs exhibited ion based toxicity above the mg L
-1
 range (i.e. after 1 h of 
exposure) in all wastewater samples with toxicity patterns occurring at significantly lower 
concentrations in FWs compared to CWs. The impact of the wastewater composition on 
toxicity was driven by related BOD, COD, TSS, bacterial plate count, ammonia, chloride 
and sulphide loadings which were all significantly more abundant in CWs. No significant 
site (i.e. WWTP) effect was observed on Ag NP toxicity despite clear differences in the 
physico-chemical characteristics between FWs and CWs. In addition, it was shown that Ag 
NP toxicity decreased significantly with ageing in CWs (i.e. due to occurring 
aggregation/agglomeration and complexation phenomena) but not in FWs.  
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Consequently, the suitability of the P. putida BS566::luxCDABE based planktonic assay 
for NP ecotoxicity screening in both artificial and real matrices was demonstrated. This was 
further validated via two published papers (Outputs I and II). The importance of the 
bioreporter and matrix of exposure selection was particularly emphasised (i.e. not all 
bacteria can survive in real matrices such as wastewaters), and so was the role of ageing. 
Possible limitations of bespoke bioreporters because they are GMB or due to endogenous 
resistances to particular compounds or elements were also reported herein. The potency of 
array development (battery test) using different bioreporters in parallel and the ease of 
standardisation of microplate based protocols make nonetheless such high throughput 
methods particularly valuable in nanoecotoxicology.  
7.1.2 Hypothesis 2 
Second, it was hypothesised that dynamic and complex microbial structures such as mono 
(P. putida based) and multi (wastewater based) species bacterial biofilms in flow-cell 
systems would be valuable models in nanoecotoxicology. 
The temporal impact of Ag NPs (and related ions) to the dynamics of mature (i.e. 48 h old 
established and fully hydrated structures) P. putida mono-species biofilms was assessed in 
AW in parallelised flow-cells considering biofilm morphology, viability and activity related 
information. Sequential dose dependent toxic effects of Ag NPs were characterised on P. 
putida biofilm morphology (with impacts characterised from 0.01 mg L
-1
), then activity 
(from 1 - 10 mg L
-1
 range) and viability (from 10 mg L
-1
) following a single pulse (i.e. 
exposure) of 24 h in AW. Sequential dose dependent recovery of biofilm morphology and 
activity were then reported 24 h after the exposure was terminated. Both “short” and “long” 
term effects of Ag NPs to P. putida biofilms were therefore questioned herein, and crucial 
information on biofilm recovery was reported. Ag ions also showed dose dependent 
impacts to biofilms but led to more efficient recovery post exposure despite being at least 
ten times more toxic than the tested Ag NPs. In light of this and of the NP characterisation 
information, the combined effect of NPs and ions was proposed to support the observed 
toxicity results of tested Ag NPs. Regardless of the methodological differences, P. putida 
biofilms were found more resilient than their planktonic counterparts. Whilst still 
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associated with a released ion based effect, the impact of NPs per se was nonetheless more 
evident in the biofilm case. Further assays with multi-species biofilms (i.e. wastewater 
based) were also reported herein. No clear impact of Ag NPs and ions (≤ 1 mg L-1) was 
concluded on biofilm composition and activity following a single pulse of 24 h in AW. 
Those pioneer assays with multi-species biofilms attest to the workability of the reported 
methodology for investigating the toxicity of NPs to highly complex and relevant 
biological structures.  
Consequently, bacterial biofilms were shown to be valuable models as original information 
and new possibilities were associated with the study reported here. This was further 
validated via one published paper (Output III). In light of the above, additional works using 
non-static biofilms are not only desirable in nanoecotoxicology but clearly possible.  
7.1.3 Hypothesis 3 
Third, it was hypothesised that implementation of biosensor technologies such as 
microcantilever and surface plasmon resonance imaging would be possible with bacteria 
and suitable for applications in NP testing.  
No toxicity testing of NPs could be eventually performed using the µCT with bacteria in 
spite of inputs from experienced collaborators. However, using SPRi, the impact of Ag NPs 
and ions on S. Enteritidis growth was shown; impact of Ag NPs between 1 - 10 mg L
-1
 and 
higher toxicity of Ag ions compared to Ag NPs were reported. Workability with other types 
of NP (ZnO and TiO2) and bacteria (S. epidermidis) was also reported. Unfortunately, 
assays with P. putida were not conclusive using SPRi due to the lack of specificity of the 
anti-P. putida antibodies commercially available.  
Consequently, we demonstrated for the first time the workability of SPRi in 
nanoecotoxicology. This was further validated via one published paper (Output IV). In 
addition to several valuable intrinsic advantages (e.g. label-free, multiplex, bespoke and 
robust), SPRi is fast (i.e. results within a few hours) and generates kinetic data (i.e. real-
time monitoring). A plethora of possibilities is therefore associated with the SPRi proof of 
concept reported herein; some possible limitations (e.g. availability of specific antibodies 
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and NP interferences) were also highlighted. SPRi occurred overall more readily available 
than µCT for applications in nanoecotoxicology as well as more robust for further device 
development or high throughput testing. The corresponding proof of concept using µCT in 
near future is nonetheless anticipated by the author. 
7.1.4 Summary 
This work reports on increasingly original and complex although still complementary 
bacteria based methodologies dedicated to the toxicity testing of NPs. From the thorough 
exploitation of a switch-off bioreporter to the development of bespoke biofilm assays then 
to the pilot implementation of biosensor technologies, various aspects of 
nanoecotoxicology were substantiated further (e.g. toxicity screening in real matrices, test 
of different types and related ions when relevant, impact of ageing, test of complex models 
such as biofilms, assessment of the possible recovery post exposure, etc.) if not firstly 
proposed (e.g. use of µCT and SPRi). Most of the data were subjected to peer-review; four 
published papers (two of which in special issues on nanoparticle ecotoxicity) are supporting 
this thesis which also contains relevant starting points for future applications in line with 
the needs recently emphasised in nanoecotoxicology using bacteria. 
7.2 Future work 
The P. putida BS566 lux bioreporter could be integrated in a larger array composed with 
additional bespoke GMB such as various Moraxellaceae, Aeromonadaceae or 
Pseudomonadaceae (to be developed mostly) for further testing in wastewaters. 
Alternatively, the planktonic approach could be adapted to solids such as spiked soil 
samples, as done before with the Microtox approach. The development of NP specific 
switch-on bioreporters as well as multi-bioreporters remains an open challenge in 
nanoecotoxicology. However, in the absence of a clear mechanism(s) of action of NPs and 
because of the recrudescence of inputs from analytical methods, their relevance appears 
limited at the present time.  
Conversely, the scarce use of biofilms in nanoecotoxicology makes them particularly 
desirable. Pioneer works on non-static mono-species biofilms were further developed here 
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then upgraded to the multi-species level. A plethora of assays dedicated to the biofilm 
(mono or multi-species) EPS matrix, quorum sensing and metabolome behaviours in 
response to toxicant exposures could easily be performed based on the methodology 
reported here using flow-cell reactors. Similarly, alternative scenarios of exposure (e.g. test 
on established or on establishing biofilms, using coated surfaces or not, in AW or 
otherwise, at different flow-rates with one or several C sources testing single or multiple 
pulses of toxicants) are possible without additional development. Opportunities to further 
substantiate the topic are therefore numerous considering biofilms. 
There is no doubt that dedicated projects on µCT will soon show it can be used in 
nanoecotoxicology; further assays using SPRi are already ongoing with inverted systems 
screening the toxicity of selected NPs to different bacteria in various media. Here as well, 
larger arrays may be anticipated. The kinetics of interactions bacteria-NPs is possibly going 
to be discussed soon via SPRi. In addition, SPRi but also other supports such as 
microfluidics have shown already suitability for the study of biofilms; reports on NPs 
testing with biofilms using SPRi is therefore anticipated in light of the proof of concept 
reported here.  
All three above approaches could also be performed with toxicant mixtures, 
commercialised or directly released materials as sometimes proposed in the recent 
literature. Materials easily subjected to aggregation/agglomeration and sedimentation might 
not be suitable for use with biofilm in flow-cell reactor or biosensor based assays though. In 
the meantime, it is worth noticing that reported methodologies are not limited to NPs, 
others chemicals or drugs could easily be tested; the relevance and applicability of the work 
reported here go far beyond nanoecotoxicology. 
In light of the above, it is recommended that further assays are performed using relevant 
GMB bioreporters in real matrices (e.g. wastewater, freshwater, seawater, soil), using mono 
and multi-species biofilms under hydrodynamic conditions, and using biosensor 
technologies in order to lead towards their standardisation whilst supporting the 
development (both fundamental and technical) of nanoecotoxicology. The use of well-
defined NPs (and ideally their physico-chemical changes over the time of exposure) should 
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be further promoted (as facilitating the comparison between studies and the understanding 
of NP toxicity), and so are the impact of NP ageing and the potential recovery of 
microorganisms post-exposure to NPs. Finally, all successful developments here (see 
papers published in Outputs I to IV) resulted from the original technical transfer from 
ecotoxicology, biofilmology and food science; it is therefore recommended that additional 
implementations in nanoecotoxicology from other domains are investigated and proposed 
to the scientific community. 
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Table S1.1: Comprehensive list of used lux GMB bioreporters in ecotoxicology.  
Bacteria GMB name Switch-ON/OFF Reference 
Acinetobacter 
ADP1_recA-lux ON (DNA damage) Song et al. (2009) [227] 
ADPWH_recA ON (DNA damage) Zhang et al. (2013) [438] 
DF4/PUTK2 OFF Abd-El-Haleem et al. (2006) [439] 
Bacillus 
subtilis 
BR151 
(pCSS962/pBL1) 
OFF 
Kurvet et al. (2011) [440] 
Ivask et al. (2004) [441] 
Escherichia 
coli 
TV1068 ON 
Ben Israel et al. (1998) [442] 
Van Dyk et al. (1995) [443] 
GC2 OFF 
Yoo et al. (2007) [444] 
Mitchell et al. (2006) [445] 
Kim et al. (2005) [446] 
Chang et al. (2004) [447] 
Gu et al. (2001) [448] 
Gill et al. (2000) [449] 
MC1061 (pDNlux) OFF 
Kurvet et al. (2011) [440] 
Ivask et al. (2009) [450] 
MC1061 (pSLlux) OFF 
Kurvet et al. (2011) [440] 
Ivask et al. (2009) [450] 
K12 TG1 OFF Kurvet et al. (2011) [440] 
K802NR ON Eltzov et al. (2008) [451] 
DPD2794 
ON (DNA damage) 
Eltzov et al. (2009) [452] 
Daniel et al. (2008) [453] 
Eltzov et al. (2008) [451] 
Lee et al. (2005) [454] 
Kim et al. (2005) [446] 
Choi et al. (2002) [93] 
Premkumar et al. (2001) [455] 
Gu et al. (2001) [448] 
Davidov et al. (2000) [456] 
Min et al. (2000) [457] 
Min et al. (1999) [458] 
Belkin et al. (1997) [459] 
Vollmer et al. (1997) [460] 
DPD2797 
Pedahzur et al. (2004) [461] 
Davidov et al. (2000) [456] 
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DPD1718 
Pedahzur et al. (2004) [461] 
Polyak et al. (2001) [462] 
Davidov et al. (2000) [456] 
DPD1710 Mitchell et al. (2006) [445] 
DPD1714 Davidov et al. (2000) [456] 
DPD1709 Davidov et al. (2000) [456] 
DPD3063 Davidov et al. (2000) [456] 
DPD2818 Vollmer et al. (1997) [460] 
DPD2844 Vollmer et al. (1997) [460] 
DPD2850 Vollmer et al. (1997) [460] 
DPD2851 Vollmer et al. (1997) [460] 
BBTNrdA Lee et al. (2003) [463] 
MG1655 (pRecA-lux) Manukhov et al. (2008) [464] 
C600 (pPLS-1) Ptitsyn et al. (1997) [465] 
DO2 Mitchell et al. (2006) [445] 
MG1655 Tecon et al. (2010) [466] 
DPD2544 
ON (membrane 
damage) 
Bechor et al. (2002) [467] 
Premkumar et al. (2001) [455] 
DPD2543 
Pedahzur et al. (2004) [461] 
Bechor et al. (2002) [467] 
DPD2546 Bechor et al. (2002) [467] 
DPD2549 Bechor et al. (2002) [467] 
DPD1674 Bechor et al. (2002) [467] 
DPD2540 
Mitchell et al. (2006) [445] 
Lee et al. (2007) [468] 
Kim et al. (2005) [446] 
Bechor et al. (2002) [467] 
Gu et al. (2001) [448] 
Ben Israel et al. (1998) [442] 
Belkin et al. (1997) [459] 
DK1 
ON (oxidative stress) 
Yoo et al. (2007) [444] 
Mitchell et al. (2006) [445] 
Lee et al. (2005) [454] 
Mitchell et al. (2004) [469] 
MG1655 (pKatG-lux) Manukhov et al. (2008) [464] 
DPD2511 
 Pedahzur et al. (2004) [461] 
Lee et al. (2003) [463] 
Gu et al. (2001) [448] 
Premkumar et al. (2001) [455] 
Min et al. (2000) [457] 
Ben Israel et al. (1998) [442] 
Escherichia 
coli 
ON (DNA damage) 
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Belkin et al. (1997) [459] 
Belkin et al. (1996) [470] 
DPD2515 
Premkumar et al. (2001) [455] 
Belkin et al. (1997) [459] 
DPD2519 Ben Israel et al. (1998) [442] 
DP1 
Lee et al. (2007) [468] 
Mitchell et al. (2006) [445] 
Lee et al. (2005) [454] 
PGRFM Niazi et al. (2008) [471] 
MG1655 (pSoxS-lux) Manukhov et al. (2008) [464] 
EBSoxS Kim et al. (2005) [446] 
EBSoxR 
Lee et al. (2005) [454] 
Kim et al. (2005) [446] 
EBInaA Kim et al. (2005) [446] 
EBMalK Lee et al. (2007) [468] 
DPD1571 
Pedahzur et al. (2004) [461] 
Oh et al. (2000) [472] 
EBHJ Lee et al. (2005) [454] 
DPD1006 
Ben Israel et al. (1998) [442] 
Van Dyk et al. (1995) [443] 
DE135 
Ben Israel et al. (1998) [442] 
Van Dyk et al. (1995) [443] 
DS1 Mitchell et al. (2006) [445] 
ZWF 
Niazi et al. (2008) [471] 
Lee et al. (2007) [468] 
FPR 
Niazi et al. (2008) [471] 
Lee et al. (2007) [468] 
EBFumC 
Lee et al. (2007) [468] 
Kim et al. (2005) [446] 
EBHmp Lee et al. (2007) [468] 
TV1061 ON (protein damage) 
Eltzov et al. (2009) [452] 
Eltzov et al. (2008) [451] 
Mitchell et al. (2006) [445] 
Kim et al. (2005) [446] 
Pedahzur et al. (2004) [461] 
Bechor et al. (2002) [467] 
Premkumar et al. (2001) [455] 
Gu et al. (2001) [448] 
Min et al. (2000) [457] 
Belkin et al. (1997) [459] 
Rupani et al. (1996) [473] 
ON (oxidative stress) 
Escherichia 
coli 
Escherichia 
coli 
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Van Dyk et al. (1995) [443] 
DC1 Mitchell et al. (2006) [445] 
TV1076 Van Dyk et al. (1995) [443] 
WM1202 Van Dyk et al. (1995) [443] 
WM1302 Van Dyk et al. (1995) [443] 
NHEX-R 
ON (DNA and 
protein damages) 
Hever and Belkin (2006) [474] 
DUAL22 
ON (DNA and 
oxidative stresses) 
Mitchell et al. (2004) [469] 
Pseudomonas 
aeruginosa 
RM4440 ON (DNA damage) 
Elasri et al. (2000) [475] 
Elasri et al. (1998) [476] 
Pseudomonas 
fluorescence 
10568 (pUCD607) OFF 
Bhattacharyya et al. (2005) [477] 
Flynn et al. (2002) [478] 
Paton et al. (2006) [479] 
Sousa et al. (1998) [480] 
OS8 (Knlux) OFF Ivask et al. (2009) [450] 
Shk1 OFF 
Kelly et al. (2004) [481] 
Lajoie et al. (2003) [482] 
Kelly et al. (1999) [483] 
Pseudomonas 
putida 
F1 (pUCD607) OFF 
Diplock et al. (2010) [484] 
Dawson et al. (2008) [485] 
BS566 OFF Wiles et al. (2003) [367] 
Salmonella 
typhimurium 
TA1535 (pSWITCH) ON (DNA damage) Baumstark-Khan et al. (2005) [486] 
Sal94 ON (DNA damage) Davidov et al. (2000) [456] 
  
Escherichia 
coli 
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Fig. S2.1: Calibration curve for the D-glucose quantification. An example of obtained calibration 
curve whilst performing the D-glucose quantification (using a D-glucose solution at 1 mg mL
-1
 as standard) 
via the phenol - sulphuric acid based method is presented above. 
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Fig. S2.2: Generated DLS output data. Examples of generated DLS (i.e. z-average) data using the 
pristine Ag NM-300K NPs at 10 mg L
-1
 in AW are presented with a size/intensity plot in A and the 
corresponding size/volume plot n B (Z-average: 39.5 nm, PdI: 0.416, Intercept: 0.854, Quality: good). 
 
 
 
 
 
A. 
 
 
 
 
 
B. 
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Fig. S2.3: AAS calibration curve for Ag. An example of calibration curve obtained by AAS using the 
Ag pure single element standard at concentrations of 0.156, 0.312, 0.625, 1.25, 2.5 and 5 mg L
-1
is presented. 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2.4: Ag NPs pelleting by ultracentrifugation. Suspensions of Ag NM-300K NPs at 50 mg L-1 in 
AW were ultracentrifuged at 4 °C in 15 mL open-top polycarbonate tubes at ca. 50 000 x g for 30 min; 
pictures of sample pre and post centrifugation are shown above.   
    centrifugation 
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Appendix C - Supplementary information of Chapter 3. 
 
 
 
 
 
 
 
Fig. S3.1: Toxicity of the sole Ag NM-300K dispersant in LB and AW. Relative luminescence 
output evolutions over time by P. putida BS566::luxCDABE when challenged with 50 mg L
-1
 of the sole Ag 
NM-300K dispersant in LB and AW are shown above. Data are mean ± SEM (n = 3). 
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Fig. S3.2: Real time monitoring of Ag NP toxicity in wastewaters from site 2. Relative 
luminescence output evolutions over time by P. putida BS566::luxCDABE when challenged with 0 – 200 mg 
L
-1
 of Ag NM-300K NPs in crude or final wastewater samples (CW2 and FW2, respectively) are shown. 
Background signal from used matrices and effect of Ag NM-300K dispersant (at 50 mg L
-1
) are also 
proposed. Data are mean ± SEM (n = 4). 
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Fig. S3.3: Real time monitoring of Ag NP toxicity in wastewaters from site 1. Relative 
luminescence output evolutions over time by P. putida BS566::luxCDABE when challenged with 0 – 200 mg 
L
-1
 of Ag NM-300K NPs in crude or final wastewater samples (CW1 and FW1, respectively) are shown. 
Background signal from used matrices and effect of Ag NM-300K dispersant (at 50 mg L
-1
) are also 
proposed. Data are mean ± SEM (n = 4). 
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Fig. S3.4: Real time monitoring of Ag NP toxicity in wastewaters from site 3. Relative 
luminescence output evolutions over time by P. putida BS566::luxCDABE when challenged with 0 – 200 mg 
L
-1
 of Ag NM-300K NPs in crude or final wastewater samples (CW3 and FW3, respectively) are shown. 
Background signal from used matrices and effect of Ag NM-300K dispersant (at 50 mg L
-1
) are also 
proposed. Data are mean ± SEM (n = 4). 
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Fig. S3.5: Real time monitoring of Ag NP toxicity in wastewaters from site 4. Relative 
luminescence output evolutions over time by P. putida BS566::luxCDABE when challenged with 0 – 200 mg 
L
-1
 of Ag NM-300K NPs in crude or final wastewater samples (CW4 and FW4, respectively) are shown. 
Background signal from used matrices and effect of Ag NM-300K dispersant (at 50 mg L
-1
) are also 
proposed. Data are mean ± SEM (n = 4). 
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Fig. S3.6: Derived IC50 values. Toxicity results from light output reductions by P. putida 
BS566::luxCDABE when exposed to Ag NM-300K NPs in crude or final wastewaters (CWs and FWs, 
respectively) from four different wastewater treatment plants (site 1 to 4) were plotted as (response) = 
f(log[Ag NPs]) for selected time points and IC50 values were derived by fitting a four parameter dose-
response model. Graphic A and B show the comparison of calculated IC50 values at 0.5 and 2 h, respectively. 
Data are mean ± SEM (n = 4), significantly different by unpaired t-test with p < 0.1 (*) or < 0.05 (**).  
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Appendix D - Supplementary information of Chapter 4. 
 
Fig. S4.1: Biofilm morphology characterisation post exposure to the Ag NM-300K NPs. 
Additional examples of result at 72 h (i.e. post exposure) from three replicated experiments are presented 
above as support for the Fig. 4.1 (bottom row), therefore the same caption applies. 
  
 
 
 
 
 
Fig. S4.2: Statistical analysis of the reported microbial activity results. The output results from the 
statistical analysis via multiple t-tests (corrected with the Holm-Sidak method) considering two parameters at 
a time are shown. The NP case is reported in blue, the ion case in red. Significantly different between time 
points (increased or decreased activity over time) with a p < 0.1 (*) or < 0.05 (**). Non-significantly different 
(NSD). 
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Fig. S4.3: Biofilm morphology characterisation post exposure to the Ag ions. Pseudomonas 
putida mono-species biofilms were cultured in AW in CLSM compatible flow-cells for 48 h then exposed to 
0, 0.001, 0.01, 0.1, 1 and 10 mg L
-1
 of Ag ions for 24 h (from A to F respectively). Biofilms were analysed by 
CLSM after live/dead staining at 72 h (i.e. post exposure, top row) and at 96 h (i.e. post recovery, bottom 
row). Representative examples of maximised z-stack are shown. Each image represents 1 out of 7 z-stacks 
randomly registered per condition for 1 experiment (n = 3). Scale is 50 µm wide. 
 
Fig. S4.4: Biofilm recovery assessment post exposure to the Ag NM-300K NPs. Supplementary 
examples of result at 96 h (i.e. post recovery) from three replicated experiments are presented above as 
support for the Fig. 4.5, therefore the same caption applies.  
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Fig. S4.5: Morphology characterisation of D-fructose fed biofilms ante and post exposure to 
the Ag NPs/ions. Pseudomonas putida mono-species biofilms were cultured in AW supplemented with D-
fructose in CLSM compatible flow-cells for 48 h then exposed to 1 mg L
-1
 of Ag NPs or Ag ions for 24 h. 
Biofilms were analysed by CLSM after live/dead staining at 48 h (i.e. ante exposure) and at 72 h (i.e. post 
exposure). Representative examples of maximised z-stack are shown. Each image represents 1 out of 7 z-
stacks randomly registered per condition for 1 experiment (n = 4). Scale is 50 µm wide. 
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Table S4.1: Template of the extracted gDNA samples sent to sequencing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Reference 
Identification Abs260/280 Abs260/230 
Final gDNA 
concentration 
(ng/µL) 
Final volume   
(µL)  
A original CW (no CLSM dyes) 1.85 1.59 52.7 
50 
B pre-cultured CW (no CLSM dyes) 2.11 2.12 75.6 
C channel 2, control 48 h, flow-cell 1 (no CLSM dyes) 2.02 1.79 825.3 
D channel 5, control 48 h, flow-cell 2 (no CLSM dyes) 1.99 1.68 676.2 
E channel 8, control 48 h, flow-cell 3 (no CLSM dyes) 2.04 1.73 590.1 
F channel 10, control 48 h, flow-cell 4 (no CLSM dyes) 1.68 1.11 40.2 
G channel 1, control 72 h, flow-cell 1 (CLSM dyes) 2.02 1.84 726.6 
H channel 3, control 72 h, flow-cell 1 (no CLSM dyes) 1.97 2.04 1050.0 
I channel 4, 1 µg L
-1
 Ag NPs 72 h, flow-cell 2 (CLSM dyes) 1.98 1.78 745.5 
J channel 6, 1 µg L
-1
 Ag NPs 72 h, flow-cell 2 (no CLSM dyes) 2.02 1.57 413.7 
K channel 7, 1 mg L
-1
 Ag NPs 72 h, flow-cell 3 (CLSM dyes) 1.94 1.79 858.9 
L channel 9, 1 mg L
-1
 Ag NPs 72 h, flow-cell 3 (no CLSM dyes) 1.79 1.07 96.6 
M channel 12, 1 mg L
-1
 Ag ions 72 h, flow-cell 4 (CLSM dyes) 2.03 1.96 1052.1 
N channel 11, 1 mg L
-1
 Ag ions 72 h, flow-cell 4 (no CLSM dyes) 1.99 2.07 949.2 
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Table S4.2: OTU table at L6. Sample references (from A to F) are detailed in Table S4.1.
 
OTU ID A B C D E F G H I J K L M N
 Acido bac te ria ;c__Acido bac te ria -6;o __iii1-15;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 1,24E-03
 Acido bac te ria ;c__Acido bac te ria -6;o __iii1-15;f__RB40;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Acido bac te ria ;c__Acido bac te ria -6;o __iii1-15;f__mb2424;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 Acido bac te ria ;c__Sva0725;o __Sva0725;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,53E-04
 Acido bac te ria ;c__[Chlo rac ido bac te ria ];o __RB41;f__;g__ 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,71E-03
 Acido bac te ria ;c__[Chlo rac ido bac te ria ];o __RB41;f__Ellin6075;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,71E-04
 Acido bac te ria ;c__iii1-8;o __32-20;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,65E-04
 Actino bac te ria ;c__Acidimicro biia ;o __Acidimicro bia les ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,29E-04
 Actino bac te ria ;c__Acidimicro biia ;o __Acidimicro bia les ;f__AKIW874;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 Actino bac te ria ;c__Acidimicro biia ;o __Acidimicro bia les ;f__C111;g__ 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,47E-04
 Actino bac te ria ;c__Acidimicro biia ;o __Acidimicro bia les ;f__EB1017;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,71E-04
 Actino bac te ria ;c__Acidimicro biia ;o __Acidimicro bia les ;f__Iamiaceae ;g__Iamia 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__;g__ 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Actino mycetaceae ;g__ 1,18E-04 1,18E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Actino mycetaceae ;g__Actino myces2,94E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Cellulo mo nadaceae ;Other 5,29E-04 0,00E+00 5,88E-05 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Cellulo mo nadaceae ;g__Cellulo mo nas1,18E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Co rynebac te riaceae ;g__Co rynebac te rium5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Dermaco ccaceae ;g__Dermaco ccus2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Geo dermato philaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,53E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Intras po rangiaceae ;g__ 5,88E-05 5,88E-05 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,71E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro bac te riaceae ;Other 2,94E-04 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro bac te riaceae ;g__Agro myces5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,12E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro bac te riaceae ;g__Cryo co la6,47E-04 4,47E-03 7,06E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro bac te riaceae ;g__Leuco bac te r2,35E-03 1,86E-02 2,00E-03 1,18E-04 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro bac te riaceae ;g__Micro bac te rium1,29E-03 2,00E-03 1,18E-04 0,00E+00 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro co ccaceae ;g__ 1,12E-03 8,82E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 1,18E-03
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro mo no s po raceae ;Other 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,12E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Micro mo no s po raceae ;g__Actino planes0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Myco bac te riaceae ;g__Myco bac te rium2,35E-04 1,18E-04 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,59E-03
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__No cardiaceae ;g__Rho do co ccus5,88E-05 5,41E-03 8,24E-04 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__No cardio idaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,29E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__No cardio idaceae ;g__Kribbe lla 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__No cardio idaceae ;g__No cardio ides0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__No cardio idaceae ;g__P imelo bac te r0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__No cardio idaceae ;g__P ro pio nic imo nas5,88E-05 3,53E-04 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__P ro pio nibac te riaceae ;g__ 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__P ro pio nibac te riaceae ;g__Luteo co ccus7,65E-04 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__P ro pio nibac te riaceae ;g__Micro luna tus0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,12E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__P ro pio nibac te riaceae ;g__P ro pio nibac te rium0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__P s eudo no cardiaceae ;g__P s eudo no cardia0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,71E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Actino myceta les ;f__Strepto mycetaceae ;g__Strepto myces0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-04
 Actino bac te ria ;c__Actino bac te ria ;o __Bifido bac te ria les ;f__Bifido bac te riaceae ;g__Bifido bac te rium2,07E-02 3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
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 Actino bac te ria ;c__Actino bac te ria ;o __Micro co cca les ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Actino bac te ria ;c__Co rio bac te riia ;o __Co rio bac te ria les ;f__Co rio bac te riaceae ;g__ 2,29E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Co rio bac te riia ;o __Co rio bac te ria les ;f__Co rio bac te riaceae ;g__Adlercreutzia3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Co rio bac te riia ;o __Co rio bac te ria les ;f__Co rio bac te riaceae ;g__Co llins e lla5,98E-02 5,29E-04 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Co rio bac te riia ;o __Co rio bac te ria les ;f__Co rio bac te riaceae ;g__Eggerthe lla1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__Co rio bac te riia ;o __Co rio bac te ria les ;f__Co rio bac te riaceae ;g__Slackia 7,65E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Actino bac te ria ;c__MB-A2-108;o __0319-7L14;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,00E-03
 Actino bac te ria ;c__Thermo leo philia ;o __Gaie lla les ;f__Gaie llaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,06E-04
 Actino bac te ria ;c__Thermo leo philia ;o __So lirubro bac te ra les ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 5,88E-04
 Actino bac te ria ;c__Thermo leo philia ;o __So lirubro bac te ra les ;f__P atulibac te raceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 Actino bac te ria ;c__Thermo leo philia ;o __So lirubro bac te ra les ;f__So lirubro bac te raceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Armatimo nadetes ;c__0319-6E2;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Bactero ide tes ;Other;Other;Other;Other 5,88E-05 1,07E-02 9,41E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__;g__ 5,29E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__Bactero idaceae ;g__Bactero ides 8,47E-03 6,47E-04 1,76E-04 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__Marinilabiaceae ;g__ 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__P o rphyro mo nadaceae ;g__ 4,71E-03 5,29E-04 5,88E-05 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__P o rphyro mo nadaceae ;g__Dys go no mo nas1,76E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__P o rphyro mo nadaceae ;g__P aludibac te r6,53E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__P o rphyro mo nadaceae ;g__P arabac te ro ides7,65E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__P revo te llaceae ;g__P revo te lla 8,65E-03 1,18E-04 0,00E+00 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__Rikene llaceae ;g__Blvii28 3,94E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__S24-7;g__ 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__[Barnes ie llaceae];g__ 1,35E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__[P araprevo te llaceae];g__P araprevo te lla5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Bactero idia ;o __Bactero ida les ;f__p-2534-18B5;g__ 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Cyto phagia ;o __Cyto phagales ;f__Cyto phagaceae ;g__ 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 Bactero ide tes ;c__Cyto phagia ;o __Cyto phagales ;f__Cyto phagaceae ;g__Adhaeribac te r 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,06E-03
 Bactero ide tes ;c__Cyto phagia ;o __Cyto phagales ;f__Cyto phagaceae ;g__Dyado bac te r 0,00E+00 5,29E-04 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Cyto phagia ;o __Cyto phagales ;f__Cyto phagaceae ;g__Hymeno bac te r 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,94E-04
 Bactero ide tes ;c__Cyto phagia ;o __Cyto phagales ;f__Cyto phagaceae ;g__P o ntibac te r 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04 4,18E-03
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__Cryo mo rphaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__Cryo mo rphaceae ;g__Fluviico la 0,00E+00 7,29E-03 8,24E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__Flavo bac te riaceae ;g__ 5,88E-04 8,30E-02 1,06E-02 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__Flavo bac te riaceae ;g__Flavo bac te rium9,01E-02 1,22E-02 2,76E-03 1,71E-03 6,47E-04 4,12E-04 3,15E-02 3,29E-03 6,94E-03 5,94E-03 2,21E-02 1,18E-04 1,15E-02 2,76E-03
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__Flavo bac te riaceae ;g__Myro ides 0,00E+00 1,76E-03 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__[Weeks e llaceae];g__ 0,00E+00 1,35E-03 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__[Weeks e llaceae];g__Chrys eo bac te rium7,59E-03 3,86E-02 4,00E-03 1,18E-04 0,00E+00 5,88E-05 2,94E-04 6,47E-04 2,29E-03 1,24E-03 4,12E-04 5,88E-05 2,71E-03 2,18E-03
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__[Weeks e llaceae];g__Clo ac ibac te rium3,71E-03 1,18E-03 2,35E-04 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__[Weeks e llaceae];g__Elizabe thkingia5,88E-05 2,76E-03 4,71E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04 5,88E-05 0,00E+00 1,18E-04 0,00E+00
 Bactero ide tes ;c__Flavo bac te riia ;o __Flavo bac te ria les ;f__[Weeks e llaceae];g__Wauters ie lla 3,41E-03 6,53E-03 7,65E-04 2,65E-03 5,29E-04 1,76E-04 1,71E-03 5,88E-05 1,42E-02 6,00E-03 2,41E-03 1,76E-04 1,01E-02 4,00E-03
 Bactero ide tes ;c__Sphingo bac te riia ;o __Sphingo bac te ria les ;f__Sphingo bac te riaceae ;g__ 0,00E+00 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,47E-03
 Bactero ide tes ;c__Sphingo bac te riia ;o __Sphingo bac te ria les ;f__Sphingo bac te riaceae ;g__P edo bac te r1,76E-04 3,47E-03 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 Bactero ide tes ;c__Sphingo bac te riia ;o __Sphingo bac te ria les ;f__Sphingo bac te riaceae ;g__Sphingo bac te rium5,88E-05 4,24E-02 5,35E-03 7,65E-04 1,35E-03 0,00E+00 3,65E-03 1,81E-02 1,76E-02 6,47E-03 1,52E-02 0,00E+00 4,50E-02 3,00E-02
 Bactero ide tes ;c__VC2_1_Bac22;o __;f__;g__ 0,00E+00 2,35E-03 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Bactero ide tes ;c__[Sapro s pirae];o __[Sapro s pira les ];f__Chitino phagaceae ;g__ 0,00E+00 4,59E-03 6,47E-04 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 7,06E-04
 Bactero ide tes ;c__[Sapro s pirae];o __[Sapro s pira les ];f__Chitino phagaceae ;g__Flavis o libac te r0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,47E-04
 Bactero ide tes ;c__[Sapro s pirae];o __[Sapro s pira les ];f__Chitino phagaceae ;g__P aras egitibac te r0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Chlo ro bi;c__OP B56;o __;f__;g__ 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Chlo ro flexi;c__Anaero lineae ;o __SBR1031;f__A4b;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
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 Chlo ro flexi;c__Chlo ro flexi;o __Herpe to s ipho nales ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,53E-04
 Chlo ro flexi;c__Chlo ro flexi;o __[Ro s e iflexa les ];f__[Ko uleo thrixaceae];g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 Chlo ro flexi;c__Ellin6529;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,24E-04
 Chlo ro flexi;c__Thermo micro bia ;o __J G30-KF-CM45;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,82E-04
 Cyano bac te ria ;c__No s to co phycideae ;o __No s to ca les ;f__No s to caceae ;Other 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Firmicutes ;c__Bacilli;o __Bacilla les ;f__Alicyc lo bac illaceae ;g__Alicyc lo bac illus 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,94E-04
 Firmicutes ;c__Bacilli;o __Bacilla les ;f__Bacillaceae ;g__Bacillus 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 Firmicutes ;c__Bacilli;o __Bacilla les ;f__P aenibac illaceae ;g__P aenibac illus 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 1,41E-03
 Firmicutes ;c__Bacilli;o __Lacto bac illa les ;f__Carno bac te riaceae ;g__ 1,54E-02 3,06E-03 7,06E-04 0,00E+00 0,00E+00 5,29E-04 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Bacilli;o __Lacto bac illa les ;f__Lacto bac illaceae ;g__Lacto bac illus 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Bacilli;o __Lacto bac illa les ;f__Strepto co ccaceae ;g__Lacto co ccus 9,35E-03 1,35E-02 1,18E-03 1,76E-04 1,76E-04 2,88E-03 1,06E-03 0,00E+00 7,06E-04 4,47E-03 0,00E+00 0,00E+00 5,88E-05 4,71E-04
 Firmicutes ;c__Bacilli;o __Lacto bac illa les ;f__Strepto co ccaceae ;g__Strepto co ccus 2,06E-03 0,00E+00 5,88E-05 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;Other;Other 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__;g__ 5,29E-03 5,88E-05 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Chris tens ene llaceae ;g__ 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Clo s tridiaceae ;g__Clo s tridium 2,06E-03 2,76E-03 1,06E-03 5,29E-04 2,35E-04 8,48E-02 1,76E-04 3,53E-04 5,88E-05 0,00E+00 4,71E-04 5,88E-04 1,76E-04 1,76E-04
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;Other 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;g__ 5,24E-03 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;g__Blautia 7,53E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;g__Butyrivibrio 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;g__Co pro co ccus 5,29E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;g__Do rea 1,12E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Lachno s piraceae ;g__[Rumino co ccus ] 3,88E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__P epto s trepto co ccaceae ;g__ 3,12E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Rumino co ccaceae ;g__ 6,06E-03 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Rumino co ccaceae ;g__Faeca libac te rium 7,94E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Rumino co ccaceae ;g__Os cillo s pira 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Rumino co ccaceae ;g__Rumino co ccus 3,76E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;Other 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__ 1,53E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__Acidamino co ccus 4,71E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__Dia lis te r 4,06E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__Megamo nas 1,35E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__Megas phaera 5,29E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__P elo s inus 3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__P has co larc to bac te rium 2,00E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__Veillo ne llaceae ;g__Veillo ne lla 5,88E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Clo s tridia ;o __Clo s tridia les ;f__[Acidamino bac te raceae];g__Fus ibac te r 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Erys ipe lo trichi;o __Erys ipe lo tricha les ;f__Erys ipe lo trichaceae ;g__ 1,76E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Erys ipe lo trichi;o __Erys ipe lo tricha les ;f__Erys ipe lo trichaceae ;g__Catenibac te rium1,47E-03 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Erys ipe lo trichi;o __Erys ipe lo tricha les ;f__Erys ipe lo trichaceae ;g__[Eubac te rium]1,12E-03 5,88E-05 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Firmicutes ;c__Erys ipe lo trichi;o __Erys ipe lo tricha les ;f__Erys ipe lo trichaceae ;g__cc_115 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Fus o bac te ria ;c__Fus o bac te riia ;o __Fus o bac te ria les ;f__;g__ 7,00E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Fus o bac te ria ;c__Fus o bac te riia ;o __Fus o bac te ria les ;f__Fus o bac te riaceae ;g__u114 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Fus o bac te ria ;c__Fus o bac te riia ;o __Fus o bac te ria les ;f__Lepto trichiaceae ;Other 6,47E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Fus o bac te ria ;c__Fus o bac te riia ;o __Fus o bac te ria les ;f__Lepto trichiaceae ;g__ 1,11E-02 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 GN02;c__BD1-5;o __;f__;g__ 2,35E-04 1,76E-04 5,88E-05 8,82E-04 5,88E-05 5,88E-05 1,76E-04 0,00E+00 4,12E-04 5,88E-05 5,29E-04 0,00E+00 1,18E-04 1,47E-03
 Gemmatimo nadetes ;c__;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,12E-04
 Gemmatimo nadetes ;c__Gemm-1;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,71E-04
 Gemmatimo nadetes ;c__Gemm-3;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
Appendices 
165 
 
 
 Gemmatimo nadetes ;c__Gemm-5;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 Gemmatimo nadetes ;c__Gemmatimo nadetes ;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,29E-03
 Gemmatimo nadetes ;c__Gemmatimo nadetes ;o __Ellin5290;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,29E-04
 Gemmatimo nadetes ;c__Gemmatimo nadetes ;o __Gemmatimo nadales ;f__Ellin5301;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 3,00E-03
 Gemmatimo nadetes ;c__Gemmatimo nadetes ;o __N1423WL;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 7,06E-04
 Nitro s pirae ;c__Nitro s pira ;o __Nitro s pira les ;f__0319-6A21;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,53E-04
 Nitro s pirae ;c__Nitro s pira ;o __Nitro s pira les ;f__Nitro s piraceae ;g__Nitro s pira 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 OD1;c__ZB2;o __;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 P lanc to mycetes ;c__P hycis phaerae ;o __P hycis phaera les ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P lanc to mycetes ;c__P hycis phaerae ;o __WD2101;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,82E-04
 P lanc to mycetes ;c__P lanc to mycetia ;o __Gemmata les ;f__Gemmataceae ;g__Gemmata 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P lanc to mycetes ;c__P lanc to mycetia ;o __Gemmata les ;f__Is o s phaeraceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-04
 P lanc to mycetes ;c__P lanc to mycetia ;o __P ire llula les ;f__P ire llulaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __;f__;g__ 0,00E+00 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Caulo bac te ra les ;f__Caulo bac te raceae ;g__ 2,35E-04 6,47E-04 0,00E+00 0,00E+00 0,00E+00 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Caulo bac te ra les ;f__Caulo bac te raceae ;g__As ticcacaulis0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Caulo bac te ra les ;f__Caulo bac te raceae ;g__Brevundimo nas1,76E-04 2,18E-03 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Caulo bac te ra les ;f__Caulo bac te raceae ;g__Caulo bac te r3,53E-04 1,53E-03 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Caulo bac te ra les ;f__Caulo bac te raceae ;g__P henylo bac te rium0,00E+00 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __RF32;f__;g__ 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__;g__ 0,00E+00 4,53E-03 6,47E-04 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Beije rinckiaceae ;g__ 0,00E+00 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Bradyrhizo biaceae ;g__ 5,88E-04 7,06E-04 5,88E-05 1,18E-04 5,29E-04 2,22E-02 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Bradyrhizo biaceae ;g__Balne imo nas0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 3,53E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Bruce llaceae ;Other 1,76E-04 1,96E-02 1,88E-03 0,00E+00 0,00E+00 0,00E+00 1,76E-04 0,00E+00 1,76E-04 1,59E-03 5,88E-05 0,00E+00 4,12E-04 5,88E-05
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Bruce llaceae ;g__Ochro bac trum2,35E-04 1,72E-02 1,94E-03 5,29E-04 1,18E-04 1,18E-04 5,71E-03 1,88E-03 2,82E-03 1,24E-02 2,59E-03 0,00E+00 2,00E-03 8,82E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Hypho micro biaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 3,53E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Hypho micro biaceae ;g__Devo s ia0,00E+00 1,18E-03 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Hypho micro biaceae ;g__P arvibaculum0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Hypho micro biaceae ;g__Rho do planes0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 6,47E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Methylo bac te riaceae ;g__ 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 8,24E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Methylo bac te riaceae ;g__Methylo bac te rium0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,18E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__P hyllo bac te riaceae ;g__Amino bac te r0,00E+00 2,94E-04 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Rhizo biaceae ;Other 5,88E-05 2,53E-03 2,35E-04 5,88E-05 0,00E+00 0,00E+00 4,71E-04 5,88E-05 1,18E-04 2,35E-04 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Rhizo biaceae ;g__ 2,35E-04 1,74E-02 1,65E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Rhizo biaceae ;g__Agro bac te rium0,00E+00 2,94E-04 5,88E-05 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rhizo bia les ;f__Rhizo biaceae ;g__Kais tia 0,00E+00 1,12E-03 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do bac te ra les ;f__Hypho mo nadaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do bac te ra les ;f__Rho do bac te raceae ;Other0,00E+00 1,82E-03 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do bac te ra les ;f__Rho do bac te raceae ;g__ 0,00E+00 1,29E-03 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do bac te ra les ;f__Rho do bac te raceae ;g__P araco ccus7,06E-04 3,65E-03 4,12E-04 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do bac te ra les ;f__Rho do bac te raceae ;g__Rho do bac te r5,29E-04 1,42E-02 1,18E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do s pirilla les ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,76E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do s pirilla les ;f__Rho do s pirillaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do s pirilla les ;f__Rho do s pirillaceae ;g__Azo s pirillum0,00E+00 1,47E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do s pirilla les ;f__Rho do s pirillaceae ;g__No vis pirillum0,00E+00 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Rho do s pirilla les ;f__Rho do s pirillaceae ;g__Skermanella0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,35E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Ricke tts ia les ;f__;g__ 1,18E-04 1,34E-02 1,29E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Ricke tts ia les ;f__Ricke tts iaceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Sphingo mo nadales ;f__Erythro bac te raceae ;g__0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 2,94E-04
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 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Sphingo mo nadales ;f__Sphingo mo nadaceae ;g__Kais to bac te r0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 5,65E-03
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Sphingo mo nadales ;f__Sphingo mo nadaceae ;g__No vo s phingo bium0,00E+00 3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 5,88E-05
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Sphingo mo nadales ;f__Sphingo mo nadaceae ;g__Sphingo bium0,00E+00 1,76E-04 0,00E+00 0,00E+00 0,00E+00 1,76E-04 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Alphapro teo bac te ria ;o __Sphingo mo nadales ;f__Sphingo mo nadaceae ;g__Sphingo pyxis0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bac te ria ;c__Betapro teo bac te ria ;Other;Other;Other 5,88E-04 8,24E-04 5,88E-05 0,00E+00 5,88E-05 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__;g__ 1,41E-03 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Alca ligenaceae ;Other 0,00E+00 2,71E-03 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Alca ligenaceae ;g__ 0,00E+00 2,71E-03 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Alca ligenaceae ;g__Denitro bac te r1,18E-04 3,65E-03 4,12E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Burkho lderiaceae ;g__Burkho lderia1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Burkho lderiaceae ;g__P ando raea0,00E+00 1,76E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Co mamo nadaceae ;g__ 3,80E-02 2,56E-02 3,71E-03 1,65E-03 2,94E-04 4,71E-04 4,65E-03 3,47E-03 8,88E-03 6,24E-03 2,18E-03 0,00E+00 7,59E-03 5,53E-03
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Co mamo nadaceae ;g__Co mamo nas1,82E-03 8,41E-03 1,53E-03 1,29E-03 1,18E-04 5,88E-05 1,82E-03 1,12E-03 4,88E-03 2,53E-03 1,18E-03 5,88E-05 5,06E-03 1,29E-03
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Co mamo nadaceae ;g__Delftia5,36E-02 2,65E-02 3,71E-03 2,59E-03 5,29E-04 3,53E-04 2,05E-02 1,21E-02 1,38E-02 7,41E-03 1,61E-02 1,18E-04 1,59E-02 1,36E-02
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Co mamo nadaceae ;g__Hydro geno phaga7,06E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Co mamo nadaceae ;g__Limno habitans1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Oxalo bac te raceae ;g__ 1,06E-03 7,94E-03 7,65E-04 0,00E+00 5,88E-05 5,88E-05 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 6,65E-03
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Oxalo bac te raceae ;g__J anthino bac te rium1,02E-02 1,18E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-03
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Burkho lderia les ;f__Oxalo bac te raceae ;g__P o lynucleo bac te r1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Methylo phila les ;f__Methylo philaceae ;Other 1,76E-04 1,89E-02 2,59E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Methylo phila les ;f__Methylo philaceae ;g__ 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Neis s eria les ;f__Neis s eriaceae ;Other 1,71E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Neis s eria les ;f__Neis s eriaceae ;g__ 7,06E-04 7,65E-04 5,88E-05 0,00E+00 0,00E+00 2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Neis s eria les ;f__Neis s eriaceae ;g__Micro virgula 1,18E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Neis s eria les ;f__Neis s eriaceae ;g__Vitreo s c illa 9,41E-04 1,76E-04 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __P ro cabac te ria les ;f__P ro cabac te riaceae ;g__ 5,94E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Rho do cycla les ;f__Rho do cyclaceae ;Other 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Rho do cycla les ;f__Rho do cyclaceae ;g__Dechlo ro mo nas4,35E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Rho do cycla les ;f__Rho do cyclaceae ;g__P ro pio nivibrio3,53E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Rho do cycla les ;f__Rho do cyclaceae ;g__Thauera1,18E-03 1,06E-03 0,00E+00 5,88E-05 5,88E-05 1,18E-04 0,00E+00 0,00E+00 0,00E+00 5,88E-05 5,88E-04 0,00E+00 5,88E-05 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Rho do cycla les ;f__Rho do cyclaceae ;g__Uligino s ibac te rium1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __Rho do cycla les ;f__Rho do cyclaceae ;g__Zo o glo ea7,35E-03 2,94E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Betapro teo bac te ria ;o __SC-I-84;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,41E-03
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Bdello vibrio na les ;f__Bacterio vo racaceae ;g__ 5,29E-04 1,76E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Des ulfo bac te ra les ;f__Des ulfo bac te raceae ;g__Des ulfo bac te r5,88E-05 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Des ulfo bac te ra les ;f__Des ulfo bulbaceae ;g__ 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Des ulfo vibrio na les ;f__Des ulfo micro biaceae ;g__Des ulfo micro bium2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Des ulfo vibrio na les ;f__Des ulfo vibrio naceae ;g__Bilo phila2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Des ulfo vibrio na les ;f__Des ulfo vibrio naceae ;g__Des ulfo vibrio2,35E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Des ulfuro mo nadales ;Other;Other 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Myxo co cca les ;Other;Other 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,71E-04
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __Myxo co cca les ;f__;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bac te ria ;c__Deltapro teo bac te ria ;o __[Ento theo nella les ];f__[Ento theo nellaceae];g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 4,12E-04
 P ro teo bac te ria ;c__Eps ilo npro teo bac te ria ;o __Campylo bac te ra les ;f__Campylo bac te raceae ;g__Arco bac te r1,33E-01 6,47E-04 1,18E-04 5,29E-03 1,76E-04 2,59E-03 1,18E-04 0,00E+00 6,38E-02 5,29E-04 1,82E-03 5,88E-05 6,81E-02 8,21E-02
 P ro teo bac te ria ;c__Eps ilo npro teo bac te ria ;o __Campylo bac te ra les ;f__Campylo bac te raceae ;g__Sulfuro s pirillum9,41E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Eps ilo npro teo bac te ria ;o __Campylo bac te ra les ;f__Helico bac te raceae ;g__3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Eps ilo npro teo bac te ria ;o __Campylo bac te ra les ;f__Helico bac te raceae ;g__Sulfuricurvum1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Eps ilo npro teo bac te ria ;o __Campylo bac te ra les ;f__Helico bac te raceae ;g__Sulfurimo nas3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bac te ria ;c__Gammapro teo bac te ria ;o __Aero mo nadales ;f__Aero mo nadaceae ;g__ 5,92E-02 1,50E-01 3,26E-01 3,56E-01 3,47E-01 4,76E-03 2,69E-01 3,09E-01 2,68E-01 2,00E-01 2,74E-01 1,24E-03 2,35E-01 2,29E-01
 P ro teo bac te ria ;c__Gammapro teo bac te ria ;o __Aero mo nadales ;f__Aero mo nadaceae ;g__To lumo nas8,47E-03 5,29E-04 3,53E-04 1,18E-04 1,76E-04 5,88E-05 2,94E-04 5,88E-05 1,18E-04 0,00E+00 2,35E-04 0,00E+00 1,18E-04 2,35E-04
Appendices 
167 
 
 
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Altero mo nadales ;f__211ds 20;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Altero mo nadales ;f__Shewanellaceae ;g__Shewanella3,29E-03 5,53E-03 8,06E-03 1,39E-02 6,82E-03 2,76E-03 1,60E-02 1,81E-02 1,36E-02 1,56E-02 7,53E-03 8,82E-04 1,38E-02 1,26E-02
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Altero mo nadales ;f__[Chro matiaceae];g__Rheinheimera0,00E+00 2,94E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 5,88E-05
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Entero bacteria les ;f__Entero bacteriaceae ;g__7,53E-03 4,95E-02 6,18E-02 5,70E-02 1,42E-01 7,00E-01 1,11E-01 7,97E-02 8,04E-02 2,08E-01 1,03E-01 4,50E-01 5,22E-02 7,84E-02
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Entero bacteria les ;f__Entero bacteriaceae ;g__Erwinia0,00E+00 7,06E-04 5,76E-03 1,94E-03 7,65E-04 5,88E-05 1,94E-03 1,76E-04 3,00E-03 4,12E-04 8,12E-03 0,00E+00 4,47E-03 2,82E-03
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Legio nella les ;f__Legio nellaceae ;g__Legio nella0,00E+00 1,76E-04 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__Mo raxellaceae ;Other 1,11E-02 1,76E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__Mo raxellaceae ;g__ 1,18E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__Mo raxellaceae ;g__Acine to bacter1,83E-01 2,09E-01 3,08E-01 3,33E-01 3,00E-01 2,16E-02 1,77E-01 1,44E-01 1,78E-01 1,53E-01 1,68E-01 1,56E-01 2,33E-01 1,50E-01
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__Mo raxellaceae ;g__Enhydro bacter5,12E-03 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__Mo raxellaceae ;g__P erluc idibaca4,12E-04 1,76E-03 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__P s eudo mo nadaceae ;Other1,82E-03 1,55E-02 5,82E-02 5,44E-02 3,43E-02 4,71E-04 8,11E-02 1,31E-01 4,38E-02 4,93E-02 1,21E-01 4,81E-02 6,62E-02 6,62E-02
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __P s eudo mo nadales ;f__P s eudo mo nadaceae ;g__P s eudo mo nas8,57E-02 4,53E-02 1,66E-01 1,62E-01 1,62E-01 1,41E-01 2,42E-01 2,73E-01 2,51E-01 3,08E-01 2,39E-01 3,42E-01 2,08E-01 2,26E-01
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Thio tricha les ;f__Thio trichaceae ;g__Thio thrix7,06E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Xantho mo nadales ;f__Sino bacteraceae ;g__ 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,82E-04
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Xantho mo nadales ;f__Xantho mo nadaceae ;g__1,18E-04 1,76E-04 5,88E-05 5,88E-05 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 8,18E-03
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Xantho mo nadales ;f__Xantho mo nadaceae ;g__P s eudo xantho mo nas5,88E-05 4,12E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Xantho mo nadales ;f__Xantho mo nadaceae ;g__Steno tro pho mo nas1,76E-03 3,66E-02 4,88E-03 9,41E-04 4,71E-04 1,18E-04 2,54E-02 3,24E-03 2,28E-02 5,35E-03 1,17E-02 2,94E-04 1,79E-02 1,75E-02
 P ro teo bacteria ;c__Gammapro teo bacteria ;o __Xantho mo nadales ;f__Xantho mo nadaceae ;g__Thermo mo nas0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Spiro chaetes ;c__[Lepto s pirae];o __[Lepto s pira les ];f__Lepto s piraceae ;g__Turnerie lla 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Synergis te tes ;c__Synergis tia ;o __Synergis ta les ;f__Synergis taceae ;g__vadinCA02 3,53E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Tenericutes ;c__Mo llicutes ;o __Myco plas mata les ;f__Myco plas mataceae ;g__Myco plas ma 1,18E-04 2,35E-04 1,35E-03 2,18E-03 1,41E-03 8,65E-03 3,82E-03 3,53E-04 1,71E-03 5,76E-03 1,24E-03 1,06E-03 8,82E-04 1,76E-04
 Verruco micro bia ;c__Opitutae ;o __Opituta les ;f__Opitutaceae ;g__ 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Verruco micro bia ;c__Opitutae ;o __Opituta les ;f__Opitutaceae ;g__Opitutus 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Verruco micro bia ;c__Verruco micro biae ;o __Verruco micro bia les ;f__Verruco micro biaceae ;g__Akkermans ia3,41E-03 1,18E-04 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
 Verruco micro bia ;c__[Sparto bac teria ];o __[Chtho nio bactera les ];f__[Chtho nio bacteraceae];g__Candida tus  Xiphinemato bacter0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,18E-04
 Verruco micro bia ;c__[Sparto bac teria ];o __[Chtho nio bactera les ];f__[Chtho nio bacteraceae];g__DA1010,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,41E-03
 [Thermi];c__Deino co cci;o __Thermales ;f__Thermaceae ;g__Thermus 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 5,88E-05 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
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Appendix E - Supplementary information of Chapter 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5.1: Behaviour of the µCT system in water and LB medium. In the absence of the bacteria 
the µCT system was set-up in milliQ water (A) and in LB medium (B). The impact of time and medium types 
on the output µCT differential signal (pink curve) was assessed. Similarly, the perturbations created by the 
injection of fresh medium (arrow) and the overall quality of the temperature control (orange curve) over time 
were questioned. 
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Fig. S5.2: The µCT response to credential temperature stresses. In the absence of the bacteria the 
set-up µCT system in LB medium was subjected to deliberate temperature variations (i.e. pulses of 
temperature using steps of 1 °C) in order to assess its response potency (i.e. associated to its surface stress). 
The above plot shows the µCT output differential signal variation along with the temperature evolution over 
time. 
 
 
 
 
 
 
 
 
 
 
Fig. S5.3: Growth monitoring of P. putida using the µCT system. In the absence of the NPs (or 
related ions) the growth monitoring (in pink) of P. putida KT2440 was undertaken in LB medium using the 
set-up µCT following the main phases (from “a” to “e”) reported on the above plot. The applied temperature 
(in orange) over time is equally shown.  
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Abstract: Bacteria based ecotoxicology assessment of manufactured nanoparticles is largely 
restricted to Escherichia coli bioreporters in laboratory media. Here, toxicity effects of 
model OECD nanoparticles (Ag NM-300K, ZnO NM-110 and TiO2 NM-104) were 
assessed using the switch-off luminescent Pseudomonas putida BS566::luxCDABE 
bioreporter in Luria Bertani (LB) medium and artificial wastewater (AW). IC50 values ~4 
mg L
-1
, 100 mg L
-1
 and >200 mg L
-1
 at 1 h were observed in LB for Ag NM-300K, ZnO 
NM-110 and TiO2 NM-104, respectively. Similar results were obtained in AW for Ag NM-
300K (IC50 ~5 mg L
-1
) and TiO2 NM-104 (IC50 >200 mg L
-1
) whereas ZnO NM-110 was 
significantly higher (IC50 >200 mg L
-1
). Lower ZnO NM-110 toxicity in AW compared to 
LB was associated with differences in agglomeration status and dissolution rate. This work 
demonstrates the importance of nanoecotoxicological studies in environmentally relevant 
matrices. 
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Abstract: The toxicity of pristine and aged silver nanoparticles (Ag NPs) to a 
bioluminescent Pseudomonas putida bioreporter was measured in spiked crude (CWs) and 
final (FWs) wastewater samples collected from four wastewater treatment plants 
(WWTPs). Results showed lower toxicity of pristine Ag NPs in CWs than in FWs. The 
effect of the matrix on the eventual Ag NP toxicity was related to multiple physico-
chemical parameters (BOD, COD, TSS, pH, ammonia, sulphide and chloride) based on 
multivariate analysis. However, no site effect was concluded. Aged Ag NPs (up to 8 weeks) 
were found less toxic than pristine Ag NPs in CWs; evident increased aggregation and 
decreased dissolution were associated with ageing. Ag NPs exhibited consistent toxicity in 
FWs in spite of ageing; comparable results were obtained in artificial wastewater (AW) 
simulating effluent. The study demonstrates the value of performing nanoparticle acute 
toxicity testing in real and complex matrices such as wastewaters using relevant bacterial 
bioreporters. 
  
Outputs 
205 
 
Output III - Published paper 3 
Title: “Pseudomonas putida biofilm dynamics following a single pulse of silver 
nanoparticles” 
 
Journal: Chemosphere (2016), doi:10.1016/j.chemosphere.2016.03.060 
 
Special issue: "Thermodynamics and kinetics of emerging contaminants in the 
environment" 
 
Authors: Florian Mallevre (Main author, Main experimenter), Teresa F. Fernandes, Thomas 
J. Aspray (Corresponding author) 
 
Institution: NanoSafety Research Group, School of Life Sciences, Heriot-Watt University, 
Edinburgh EH14 4AS, UK 
 
Abstract: Pseudomonas putida mono-species biofilms were exposed to silver nanoparticles 
(Ag NPs) in artificial wastewater (AW) under hydrodynamic conditions. Specifically, 48 h 
old biofilms received a single pulse of Ag NPs at 0, 0.01, 0.1, 1, 10 and 100 mg L
-1
 for 24 h 
in confocal laser scanning microscopy (CLSM) compatible flow-cells. The biofilm 
dynamics (in terms of morphology, viability and activity) were characterised at 48, 72 and 
96 h. Consistent patterns were found across flow-cells and experiments at 48 h. Dose 
dependent impacts of NPs were then shown at 72 h on biofilm morphology (e.g. biomass, 
surface area and roughness) from 0.01 mg L
-1
. The microbial viability was not altered 
below 10 mg L
-1
 Ag NPs. The activity (based on the D-glucose utilisation) was impacted 
by concentrations of Ag NPs equal and superior to 10 mg L
-1
. Partial recovery of 
morphology, viability and activity were finally observed at 96 h. Comparatively, exposure 
to Ag salts resulted in ca. one order of magnitude higher toxicity when compared to Ag 
NPs. Consequently, the use of a continuous culture system and incorporation of a recovery 
stage extends the value of biofilm assays beyond the standard acute toxicity assessment. 
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Abstract: In this paper we report for the first time on the suitability of surface plasmon 
resonance imaging (SPRi) for performing ecotoxicity testing of nanoparticles (NPs). 
Specifically, the impact of silver NPs (using Ag NM-300K) and ions (using AgNO3 salt) on 
Salmonella Enteritidis growth was assessed in Luria Bertani medium using the culture-
capture- measure (CCM) based SPRi method. Clear effects were observed at 10 mg L
-1
 Ag 
NPs characterised by shifted SPRi detection times (TD) by ca. 2.6 h compared to the 
control. Comparable results were obtained using 1 mg L
-1
 Ag ions. No clear effects were 
observed at 1 mg L
-1
 Ag NPs and 0.1 mg L
-1
 Ag ions. Overall results match the current 
trend in nanoecotoxicology using bacteria (e.g. impact of Ag NPs between 1 and 10 mg L
-1
 
and higher toxicity of Ag ions compared to Ag NPs). The dose dependent patterns of 
toxicity were coherent with those obtained using a standard plating method; however, the 
SPRi approach was faster (i.e. results within a few hours) and generated kinetic data (i.e. 
real-time monitoring). In addition, SPRi presents many valuable intrinsic advantages (e.g. 
label-free, multiplex, bespoke and robust) over current approaches. Consequently, a 
plethora of opportunities for future developments and applications of SPRi in NP testing is 
associated with the proof of concept reported herein. 
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Output V - List of events/presentations and poster portfolio 
Society of Environmental Toxicology and Chemistry conference 2013, Glasgow, UK 
(helper) 
School of Life Sciences conference 2013, HWU, Edinburgh, UK (co-organiser, talk 
presentation) 
Society of Environmental Toxicology and Chemistry conference 2014, Basel, Switzerland 
(poster n°1 presentation) 
HWU Post Graduate conference 2014, Edinburgh, UK (poster n°1 presentation) 
Scottish Environmental Technology Network meeting 2014, Glasgow, UK (poster n°2 
presentation) 
NanoSafe conference 2014, Grenoble, France (poster n°3 presentation) 
Centre for Marine Biodiversity and Biotechnology away day 2014, UK (talk presentation, 
best talk award) 
Microfluidics conference 2014, Limerick, UK (poster n°4 presentation by W. Mielczarek) 
Biofilm network meeting 2015, Glasgow, UK (talk presentation) 
World Water conference 2015, Edinburgh, UK (e-poster n°5 presentation) 
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